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Summary
A frequency domain Power Line Carrier (PLC) simulation program, with the
ability to simulate signal attenuation including the coupling equipment, was
developed. This simulation program was put to the test against the independent
program of Professor L.M. Wedepohl and against practical field measurements.
The predictions of the two programs were in precise agreement for a wide range of
input parameters. Results from the field tests and predictions also showed close
agreement.
Further investigations, applying the simulation program, explained how ground
conductors and soil resistivity influences PLC signal propagation.
An experiment, which was developed to monitor PLC signal attenuation, was
installed on the PLC system between Koeberg power station and Acacia sub-
station, both near Cape Town. Data logged continuously over 28 days, indicated
measurable and deterministic PLC signal attenuation variations with typical time
constants of a few hours. Simulations of the PLC system indicated that the signal
amplitude variations were influenced by changes in the height above the ground
plane of the phase conductor.
This significant finding creates the possibility to obtain real time knowledge of the
sag of an Over Head Transmission Line (OHTL) by exploiting an operational PLC
system. The knowledge about real time sag can be used in economical dynamic
ampacity control systems. The practical and financial benefits to the electricity
supply and distribution industry can be significant.
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Opsomming
'n Frekwensie gebied "Power Line Carrier" (PLC) simulasie program wat die sein
verswakking en die koppeling verliese kan naboots, is ontwikkel. Die program is
getoets teen die onafhanklike program van Professor L.M. Wedepohl asook
praktiese metings in die veld. Die vooruitskatings van beide programme is presies
die selfde vir 'n wye reeks van parameters. Metings en nabootsings het ook noue
ooreenstemming getoon.
Verdere ondersoek, m. b. v. die program, is gedoen ten einde te verduidelik hoe
grond-geleiers en grond weerstand die PLC sein se voortplanting beïnvloed.
'n Eksperiment om die PLC sein se verswakking mee te monitor is ontwerp. Die
eksperiment was geïnstalleer in die PLC stelsel tussen Koeberg kernkragstasie en
Acacia substasie, naby Kaapstad. Die eksperiment was vir 28 dae geaktiveer en
die data wat die eksperiment opgelewer het toon meetbare PLC sein verswakking
met tyd konstantes van 'n paar uur. Verdere nabootsings het gewys dat die
veranderende verswakking in die PLC seinsterkte toegeskryf kan word aan die
wisseling in hoogte van die fase geleiers bo die grondvlak.
Hierdie bevinding is van besondere belang aangesien dit die moontlikheid
oopmaak om die gemiddelde sak van kraglyne in reële tyd en onder bedryfs
toestande te kan meet. Die informasie van die reële sak van kraglyne kan gebruik
word in effektiewe stroomdrae-vermoë beheer stelsels. Die praktiese en finansiële
voordele wat krag voorsieners en verspreiders hieruit kan put kan aansienlik
wees.
IV
Stellenbosch University http://scholar.sun.ac.za
Acknowledgements
Soli Deo Gloria
I wish to thank my supervisor, Prof JH Cloete, for his guidance and ever-present
optimism as well as Prof R Herman for his assistance and support.
A special word of thanks to ProfLM Wedepohl for his deep insight, advice and continuous
involvement.
I would like to thank Eskom and particularly Mr Dave Smith and his team working on
PLC systems for their kindness, assistance and advice. Especially Riaan Carstens and
Drikus de Wet for the help with the field measurements.
Furthermore I would also like to thank the following people for their support and help.
From University of Stellenbosch:
-ProfHC Reader
-R Urban
-J Greyling
From Eskom:
-Rob Stephen
-Tony Britten
-Graeme Fick
-Mike Korber
-Louis du Plessis
-Frans Venter
-Piet Lubbe
-Roy Hubbard
Special thanks to my family (especially to my Father and Mother), friends and my
stunning fiancée, Esre' Meyer, for their continuous love and care.
v
Stellenbosch University http://scholar.sun.ac.za
Table of contents
Declaration ii
Summary iii
Opsomming iv
Acknowledgements v
Table of contents vi
List of figures viii
List ofphotographs x
Chapter 1 Introduction 1
1.1 Origin of the study 1
1.2 Provisional Patent 1
1.3 The goals this study aims at 1
1.4 History of the process to identify a practically viable transmission line for the
study 1
1.5 Layout of the thesis 2
1.6 References: 3
Chapter 2 PLC background and description of the operational PLC system between
Koeberg power station and Acacia substation 4
2.1 Introduction 4
2.2 The transmission line 5
2.2.1 The key functions of the physical transmission line in a PLC system 5
2.2.2 Description of the Koeberg- Acacia transmission line 5
2.3 The line trap 7
2.3.1 The main functions of the line trap in the PLC system 7
2.3.2 Description of the line traps used in the Koeberg-Acacia PLC system 8
2.4 The capacitor voltage transformer 9
2.4.1 The core functions of the coupling voltage transformer in the PLC- link 9
2.4.2 Description of the capacitor voltage transformer used in the Koeberg-Acacia
PLC system 10
2.5 The line matching equipment (LME) 10
2.5.1 The key functions of the line matching equipment in the PLC system 10
2.5.2 Description of the LME used in the Koeberg-Acacia PLC system 11
2.6 The carrier 12
2.6.1 The main function of the carrier 12
2.6.2 Description of the carriers used in the Koeberg-Acacia PLC system 12
2.7 Coupling configuration 12
2.8 Conclusion 13
2.9 References 13
Chapter 3 The PLC simulation program 14
3.1 Introduction 14
3.2 Formulation of the impedance and admittance matrices 16
3.2.1 Calculation of the internal impedance 16
3.2.2 Calculation of the earth correction, self and mutual impedances 18
3.2.3 Calculation of the admittance matrix 19
3.2.4 Incorporation of the bundle conductors in the model 19
3.2.5 Reduction of the impedance and admittance matrices 19
3.3 Formulation of the line attenuation 20
3.4 Incorporation of the coupling and line-trap loss 22
3.5 Conclusion 24
3.6 References 24
Chapter 4 Results of the PLC simulation program 26
4.1 Introduction 26
4.4.1 Testing the simulation program against Professor Wedepohl's program 26
4.4.2 Simulations of the experiment to observe attenuation variation due to change
in average conductor heights 26
4.2 Comparison between programs, including the standing wave effect 26
VI
Stellenbosch University http://scholar.sun.ac.za
4.3 Comparison between programs, excluding the coupling equipment and the standing
wave 27
4.4 The insertion loss introduced by the Coupling Capacitor (CC) and the Line Trap
(LT) 28
4.5 Total attenuation for the PLC band including the coupling equipment 29
4.6 Simulation of the Koeberg-Acacia 400 kV PLC signal attenuation (varying average
conductor height and soil resistivities) 30
4.7 Conclusion 33
Chapter 5 The influence of ground conductors on PLC systems 34
5.1 Introduction 34
5.2 Resonance effects due to discretely bonded ground conductors 34
5.2.1 Theory of the resonance effect 34
5.2.2 Implementation in Matlab 36
5.3 Simulation results: resonance effects due to discretely bonded ground conductors. 37
5.4 Influence on PLC signal attenuation due to the type of ground conductor and soil
resistivity 38
5.4.1 The attenuation of the natural modes for steel and aluminium ground
conductors compared with a no ground conductor case 38
5.4.2 Model of a single phase conductor with one ground conductor 40
5.4.3 Mode 2 attenuation for the variation in the soil resistivity and ground
conductor conductivity 40
5.4.4 Mode 3 attenuation for the variation in the soil resistivity and ground
conductor conductivity 42
5.4.5 Mode 2 attenuation for the variation in the soil resistivity and ground
conductor permeability 43
5.4.6 Current division between the ground conductor and soil 43
5.5 Conclusion 44
5.6 Reference 45
Chapter 6 Design of the Acacia -Koeberg experiment 46
6. 1 Introduction 46
6.2 Experimental layout 46
6.2.1 Standard coupling scheme 46
6.2.2 Important coupling rondition for the new coupling scheme 47
6.2.3 Coupling configuration proposed by Mr Dave Smith 49
6.3 Calculation of the additional insertion loss introduced by the experiment 50
6.3.1 Power loss in the outer phase: 50
6.3.2 Additional attenuation due to the unbalanced coupling vector 50
6.3.3 Total additional insertion loss introduced by the experiment 52
6.4 Design of the monitoring system 53
6.4.1 Specifications of the monitoring system 53
6.4.2 Transmitter 55
6.4.3 Receiver 57
6.5 Conclusion 63
6.6 Reference 63
Chapter 7 Field measurements of the Acacia-Koeberg PLC system 64
7.1 Introduction 64
7.2 Log book of the different field measurement events 64
7.2.1 Installation of the additional symmetrical hybrid on 18 February 2001.. 64
7.2.2 Measurements while the system was operational (installation of the logging
device) on 19 March 2001 65
7.2.4 Measurement and installation ofthe tuning units (part of the line trap) on 23
June 2001 66
7.3 Outer phase coupling (1,0,0) 67
7.4 Additional loss 68
7.5 Results of the experiment and future research 69
7.5.1 Effects due to the faulty line traps 70
7.5.2 Effects due to the weather conditions on the PLC attenuation 70
7.5.3 Effects due to the current per conductor on the PLC attenuation 72
vii
Stellenbosch University http://scholar.sun.ac.za
7.6 Measured attenuation after the faulty line traps were replaced and correlation with
conductor temperature 73
7.6.1 Introduction 73
7.6.2 Motivation for the development of a conductor temperature simulation program
.......................................................................................................................................... 73
7.6.3 Theory of the conductor temperature simulation program 74
7.6.4 Input parameters for the simulation program 74
7.6.5 Result of the simulation program 77
7.6.6 Correlation between the conductor temperature and the PLC signal
attenuation 79
7.6.7 Conclusion of PLC and conductor temperature analysis 85
7.7 COnclusion 86
7.8 Reference 87
Chapter 8 COnclusion 88
Appendix A: Provisional patent 90
Appendix B: Field measurements 104
Rl Installation of the additional symmetrical hybrid on 18 February 2001 105
R2 Measurements while the system was operative (installation of the logging device)
on 19 March 2001 108
B.3 Measurements after new line trap tuning units were installed on 23 June 2001. 109
Vlll
Stellenbosch University http://scholar.sun.ac.za
List of Figures
Figure 2.1 PLC system layout (only one phase is shown) 4
Figure 2.2 Relative dimensions between the phase conductors, ground conductors and the
ground plane 6
Figure 2.3 Koeberg -Acacia transmission line 6
Figure 2.4 Average tower heights above mean sea level.. 7
Figure 2.5 Histogram ofthe tower spacing of the Koeberg-Acacia OHTL 7
Figure 2.6 Model of a band tuned line trap 8
Figure 2.7 Capacitor voltage transformer 9
Figure 2.8 Model ofLME 10
Figure 2.9 LME layout from EB. 11
Figure 2.10 LME strapping at Acacia sub-station 12
Figure 2.11 Coupling notation (a,b,c) 13
Figure 3.1 Layout of the simulation program 15
Figure 3.2 Coupling to a multi conductor system 21
Figure 3.3 Layout of the model for the PLC coupling system 22
Figure 3.4 PLC model including the coupling equipment.. 23
Figure 4.1 PLC signal attenuation( 300kHz - 400kHz) introduced by the transmission
line for standard coupling oonfiguration (1,-1,0) signifying the standing wave effect27
Figure 4.2 Comparison between Prof Wedepohl's simulation program and De Villiers
program for the line attenuation only 28
Figure 4.3 The insertion loss introduced by the coupling capacitor and the line trap 29
Figure 4.4 Total attenuation, including the coupling equipment, for the two different
coupling configurations 30
Figure 4.5 PLC signal attenuation where the distance between the phase conductor and
ground conductor is varied 31
Figure 4.6 PLC signal attenuation with different average phase conductor heights for
100 ohm - meter soil resistivity 32
Figure 4.7 PLC signal attenuation with different average phase conductor heights for
300 ohm - meter soil resistivity 32
Figure 4.8 PLC signal attenuation with different average phase oonductor heights for
500 ohm - meter soil resistivity 33
Figure 5.1 Model between two towers for the resonance effect 35
Figure 5.2 Resonance effects on the natural modes due to discretely bonded ground
conductors 38
Figure 5.3 Propagation of the main modes on a PLC system with no / steel I aluminium
ground conductors 39
Figure 5.4 Single oonductor with one ground conductor above the ground plane 40
Figure 5.5 Attenuation of mode 2 if the soil resistivity and the ground oonductivity are
varied. (permeability = 1) 41
Figure 5.6 Attenuation of mode 3 if the soil resistivity and the ground oonductivity are
varied. (permeability = 1) 42
Figure 5.7 Attenuation of mode 2 if the soil resistivity and the permeability are varied
(conductivity = 2e7) 43
Figure 6.1 Standard coupling scheme 47
Figure 6.2 Experimental layout to include the additional signal 49
Figure 6.3 Simulation ofthe standard coupling configuration (1,-1,0) and the non
standard configuration(1I2,-1,0) due to the experiment.. 52
Figure 6.4 Representation ofthe losses introduced by the experiment 52
Figure 6.5 Experimental layout 54
Figure 6.6 An example of the transmitter configuration 56
Figure 6.7 Power levels at Acacia sub-station 58
Figure 6.8 Power level due to the remote carrier at Koeberg power station 59
Figure 6.9 Attenuation for (lIsqrt(2),-1,0) coupling at Koeberg and (1,0,0) at Acacia sub-
station 60
ix
Stellenbosch University http://scholar.sun.ac.za
Figure 6.10 Impedance matching network (and 10 dB attenuator) illustrating the design
criteria 61
Figure 6.11 Circuit layout of the impedance matching circuit 61
Figure 6.12 Block diagram of the HPVEE program 62
Figure 7.1 Measurement and theory for single phase coupling on the outer phase
attenuation(l,O,O) 67
Figure 7.2 Measurement and theory for the additional loss due to the experiment 68
Figure 7.3 Attenuation for (1,-1,0) to (1,0,0) coupling (100 ohm-meter soil resistivity) 69
Figure 7.1 Attenuation variation of the operational carrier ( 30 sec data) 70
Figure 7.5 PLC signal attenuation and the ambient temperature 71
Figure 7.6 PLC signal attenuation and the wind speed 72
Figure 7.7 PLC attenuation and the current per phase conductor 73
Figure 7.8 Flow diagram of the input- output data for the conductor temperature
simulation program 75
Figure 7.9 Transmission line direction from Koeberg power station and Acacia sub-
station 76
Figure 7.10 Air temperatures at Koeberg power station and Acacia sub-station 76
Figure 7.11 Wind speed at Koeberg power station an Acacia sub-station 77
Figure 7.12 Current (between Koeberg power station and Acacia sub-station) and solar
radiation (measured at Cape town international air port) 77
Figure 7.13 Estimated conductor temperature at Koeberg power station and Acacia sub-
station 78
Figure 7.14 Estimated average core conductor temperature 79
Figure 7.15 Measured attenuation of an PLC signal at 500 kHz coupled via the outer
phase 80
Figure 7.16 Estimated conductor temperature and the PLC signal attenuation 80
Figure 7.17 Estimated conductor temperature and PLC signal attenuation for the 14th
Juny 81
Figure 7.18 The correlation from day to day between conductor temperature and PLC
signal attenuation 82
Figure 7.19 Correlation (between PLC signal attenuation and conductor temperature)
and rainfall in mm 82
Figure 7.20 Rainfall (accumulated rain for 5 min intervals) and filtered (second order
butterworth low pass filter with 1lfc = 2.6 days) PLC signal attenuation variation .. 84
Figure B.1 Attenuation of the transmission line (standard differential coupling between
centre and outer -phase) 105
Figure B.2 Return loss for the standard coupling configuration(l,-l,O) 105
Figure B.3 Attenuation of the standard coupling configuration after the installation of the
symmetrical hybrid 106
Figure BA Return loss for the standard coupling configuration with the additional hybrid
installed 106
Figure B.5 Insertion-loss for the (1,0,0,) coupling on the outer phase 107
Figure B.6 Focused measurement [180 - 200 kHz] of the insertion-loss for the (1,0,0)
coupling on the outer phase 107
Figure B. 7 Return loss measured at the additional port (of the experiment) 108
Figure B.8 Attenuation of an outer phase (1,0,0) coupling configuration 108
Figure B. 9 Attenuation of centre phase coupling (0,1,0) configuration 109
Figure B.1O Attenuation for the standard coupling configuration (1,-1,0) without the
experiment (line traps earthed at station side) 109
Figure B.11 Attenuation for the non standard coupling configuration (112,-1,0) with the
experiment (line traps earthed at station side) 110
Figure B.12 Attenuation of the outer phase coupling (1,0,0) while the transmission line is
earthed (measured at the additional port for the newly installed hybrid) 110
Figure B.13 Attenuation of the outer phase coupling (1,0,0) while the transmission
operative (measured at the outer phase coaxial cable III
Figure B.14 Attenuation of the outer phase coupling (1,0,0) while the transmission was
operative (measured at the additional port of the newly installed hybrid) 111
x
Stellenbosch University http://scholar.sun.ac.za
List of photographs
Photograph 2.1 Band tuned line trap (0.5 mR) at Acacia sub-station 9
Photograph 2.2 CVT and LME at Acacia sub-station 10
Photograph 6.1 Test setup of the logging program 63
Photograph 7.1 Monitoring system (mainly oomputer and spectrum analyser) at Acacia
sub-station 65
Photograph 7.2 Eskom team working on the line trap in order to do the tests on the
tuning unit (The tuning unit of this particular line trap was faulty) 66
xi
Stellenbosch University http://scholar.sun.ac.za
Chapter 1
Introduction
1.1 Origin of the study
Dynamic ampacity rontrol models were investigated as part of W de Villiers'
undergraduate project in 1999 [1]. From that project it was concluded that the real time
average height of the phase conductors, which relates to the conductor tension, on an
Over Head Transmission Line (OHTL) is the most important parameter in the realization
of effective ampacity control.
The idea to estimate the average phase conductor height via an operational Power Line
Carrier (PLC) system was proposed by Professor JH Cloete and W de Villiers at
Stellenbosch University (SU) in 1999. This concept was investigated in the
undergraduate project and it was concluded that further investigations should be done to
evaluate its feasibility.
This thesis continues the investigation initiated in the undergraduate project.
1.2 Provisional Patent
A provisional patent in the name of Stellenbosch University (W de Villiers and Professor
JH Cloete as the inventors) was taken out (2001) to protect the intellectual property of
this work (Appendix A).
1.3 The goals this study aims at
There are two goals for this study.
PLC signal propagation characteristics are dependent on the physical parameters of the
transmission line. From [1] it can be learnt that the average height of a transmission line
affects the signal attenuation. The sensitivity of this concept has to be investigated on
different line designs. The first goal of the study is therefore to develop a comprehensive
simulation program to simulate PLC signal attenuation for different conditions.
Simulation programs of this nature exist. The purpose in developing this program was to
evaluate the assumptions made and to fully understand the theory on which PLC
systems function. As part of the accuracy evaluation the simulations were compared to
measured end-to-end PLC signal attenuation on an operational OHTL.
The second goal was to design and install an experiment on an operational PLC system in
order to observe attenuation variation on a PLC system over a period of time. The
attenuation variation of the PLC signals can then be correlated against ambient
temperature, wind speed and phase currents which all influences the sag.
1.4 History of the process to identify a practically viable
transmission line for the study.
Simulations were initially done on the Droërivier - Muldersvlei and the Bacchus -
Proteus 400 kV transmission lines in the Western Cape province. The purpose was to
1
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test the feasibility of doing the experiment on these transmission lines. The additional
attenuation introduced by the experiment was calculated on the request of Eskom.
The results of the simulations and calculations were summarized in a report for Eskom.
Senior engineers in Eskom (Mr. Dave Smith and Mr. Tony Britten) had several meetings
with the author (W de Villiers) about the feasibility of an experiment on the mentioned
transmission lines. It was concluded that the loadings of the transmission lines must be
included in the evaluation process. It was discovered that the transmission lines,
Droërivier - Muldersvlei and Bacchus - Proteus, were operated at approximately only
10%of the maximum design capacity throughout the year.
With Eskom's new criterion, the loading of a transmission line, a visit was paid to
national control of Eskom in Simmerpan (Johannesburg) to study the different loadings
of transmission lines. An engineer at National control (Mr. L du Plessis) made the
loading information of the 400 kV transmission line in the Western Cape region
available. From this information it was clear that the 400 kV transmission line between
Koeberg power station and Acacia sub-station was carrying the heaviest load, although it
was only in the region of 50 - 60% under normal conditions.
This 400 kV OHTL is located relatively close to Stellenbosch, which is convenient.
It was therefore decided to focus the study on the Koeberg - Acacia 400 kV transmission
line.
1.5 Layout of the thesis
The Koeberg - Acacia PLC system is described in Chapter 2. The PLC system is
comprised primarily of five components namely: OHTL, Coupling Capacitor (CC), Line
Trap (L'I), Line Matching Equipment (LME), and carrier.
The theory used in the simulation program developed by the author is based on Professor
L.M. Wedepohl's work [2] and is described in Chapter 3. The simulation program is
Matlab based and simulates the PLC line attenuation from end to end including the
losses introduced by the coupling equipment (LT, CC and LMU). The simulation program
was tested against Professor Wedepohl's program in Chapter 4 and close agreement was
obtained. Simulations for different phase conductor heights and soil resistivity are shown
and described.
The simulation program has been expanded (as described in the first part of Chapter 5)
to incorporate the resonance effect due to discretely bonded ground conductors.
The first simulations on the Koeberg - Acacia 400 kV transmission system were done
assuming steel ground conductors. This was done due to lack of detailed information at
the time. When the detailed information was received it was learned that on the Koeberg
Acacia line Eskom uses aluminum ground conductors (high corrosion of steel ground
conductors at the coast) in the place of the generally used steel ground conductors
(inland). The simulations of the PLC signal attenuation for an OHTL with aluminum
ground conductors show a noticeable difference compared to an OHTL with steel ground
conductors. The magnitude of the difference in the results was unexpected.
The second part in Chapter 5 is focused on explaining the abovementioned phenomenon.
The influence due to the variation in soil resitivity on PLC signal attenuation is
simulated. Soil resistivity is difficult to measure accurately and is subject to seasonal
changes due to e.g. rain.
2
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Chapter 6 describes the design of the experiment. The purpose of this experiment was to
inoorporate a single outer phase ooupling on an operational PLC system and to log the
attenuation of that signal over a long period of time.
Field measurements and logged data (via the experiment) are shown and discussed in
Chapter 7. The history of the field measurements is also discussed. Initial measurements
(Appendix B) indicated faulty PLC equipment and some of the operational PLC
components were replaced during the course of the study.
The findings and conclusions are in the Chapter 8 and recommendations are made for
further research.
1.6 References:
[1]W de Villiers, An investigation into overhead feeder ampacity control, Final year
project at University of Stellenbosch, 5 November 1999.
[2] L.M. Wedepohl, The Theory of Natural Modes in Multi-Conductor Transmission
Systems, unpublished lecture notes, Westband, British Columbia, Canada, 10 January
1999.
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Chapter 2
PLC background and description of the
operational PLC system between
Koeberg power station and Acacia sub-
station
2.1 Introduction
In this Chapter the key functions of the different components of a Power Line Carrier
(PLC) system will briefly be described. The technical descriptions of the operational PLC
communications system between Koeberg power station and Acacia sub-station (Koeberg
- Acacia) will also be described.
Figure 2.1 demonstrates the basic layout of a PLC system. A PLC link operates by
transmitting signals in the frequency range 50 - 500 kHz over a high voltage line, while
the line is carrying the normal 50 Hz current. The PLC signal is not dependent on the 50
Hz current, therefore the PLC system remains operational even if the line is out of
commission providing there are no working earths on the line. Through the use of the
coupling equipment the PLC signal can be injected and retrieved from the OHTL. PLC
transmission constitutes the basic system of communication of many power supply
companies. It is typically used for transmitting data, speech and protection.
Koeberg power station Acacia substation
(I) Power
lin. carrier
Cinuit
breaker (3)Lin. trap
Circuit
hreaker
(3) Line tr.p
(2) O...erh•• d tranUIl inion lin.
(4) CouplinC
capacitor
(5) LME (.)LME
(') Power
line carrier
Figure 2.1 PLC system layout (only one phase is shown)
A PLC system consists primarily of five components: transmission line, line trap,
coupling capacitor, line matching equipment (LME) and the carrier (a transceiver). In
Figure 2.1 a diagram shows one phase of the Koeberg - Acacia PLC system. The five key
components are numbered in the diagram (2-6) and are described in the following
sections. Each description of the PLC system component is accompanied with the real
4
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values of the Koeberg - Acacia PLC system. In Section 7 the term "coupling configuration"
is explained and the coupling configuration is given for Koeberg - Acacia PLC system.
The information that describes the Koeberg - Acacia PLC system was collected from
various departments in ESKOM. Some information was retrieved from references [1,2J
for the descriptions of the different components.
2.2 The transmission line
2.2.1 The key functions of the physical transmission line in a PLC system.
The transmission line acts like a wave-guide for PLC signals. This can be seen as part of
the transmission path where the PLC signals are guided in their propagation. The
physical dimensions of the line are thus crucial because they influence the propagation
properties of the coupled signal.
In the case of a transmission line there are numerous fixed and also varying parameters.
In order to make conclusions on some variable parameters like the average height of the
transmission line it is of great importance to understand and describe all the fixed
parameters as accurately as possible. In the following section the known fixed
parameters of the line will be described.
2.2.2 Description of the Koeberg- Acacia transmission line.
The voltage rating of the line is 400 kV and it is 31.318 km long. A twin "dinosaur"
conductor is used. The conductor is classified as Aluminium Conductor Steel Reinforced
(ACSR). The main function of the steel in the conductor is to mechanically support the
aluminium conductor thus providing tensile strength.
The "Dinosaur" conductor has an overall diameter of 3.556 cm. The conductor comprises
31 strands (24 aluminium strands and 7 steel strands). The diameter of the aluminium
strands is 3.95 mm.
The ground conductors of a transmission line are typically made of steel and are
generally referred to as the earth wires. .Because we are studying a transmission line
located in the Western Cape the earth wire is also an ACSR type conductor. Steel
conductors rust severely in the harsh environment of the Cape. A "Tiger" type of
conductor is used and has the following dimensions: 1.652 cm overall diameter, 18 outer
aluminium strands of 2.36 mm diameter.
The average attachment height of a phase conductor is 19.6 mand 25.15 m of an earth
conductor. The bundle conductors are separated by 9 m. The earth wires are 8.3 m from
the centre of the tower. The two conductors in a bundle conductor are 380 mm apart from
each other. These relative dimensions are summarized in Figure 2.2.
The planned average distance between two adjacent towers is 336.7 m. The physical path
looking from a distance above the transmission line is shown in Figure 2.3.
5
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1
4 a.3m i}= Earth wire~I.9m .1. .- Bundle conductor•• U
380mm
19.6m
Ground
Figure 2.2 Relative dim.ensions between the phase conductors, ground
conductors and the ground plane.
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Figure 2.3 Koeberg - Acacia transmission line
Figure 2.4 shows the tower heights above the mean sea level. The towers are numbered
from Koeberg power station (tower 1) to Acacia sub-station (tower 94).
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Figure 2.4 Average tower heights above mean sea level
A histogram of the tower spacing, Figure 2.5, indicates that 30 samples of tower spacing
is between 330m and 365m.
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Figure 2.5 Histogram ofthe tower spacing of the Koeberg-Acacia OHTL.
2.3 The line trap
2.3.1 The main functions of the line trap in the PLC system.
Figure 2.1 shows that there is a line trap at each station. Approaching the station from
the OHTL the PLC coupling capacitor junction will first be connected and then the line
7
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trap. The core function of the line trap is to "direct" the PLC signal energy to the OHTL
and not to the station itself. In other words for the PLC frequency range, 50 - 500 kHz,
the line trap acts like an high impedance and for power frequencies it acts like a low
impedance. In Figure 2.6 a model of a typical wide band trap is shown.
High voltage
terminal
Lightning arrester
.-------------~Cx1~-------------,
High voltage
terminal
LI
i-------- ---------------------------------ci--------------------------------- ------:
: :, ,, ,
! i - Tuning unit
: :
i Rl Sf ~ i
! II !, ,L_____ __ _ :
Figure 2.6 Model of a band tuned line trap
The most important function of the lightning arrestor is to protect the tuning unit
against high level, rapid rate of rise, surges. The main inductor LI (Figure 2.6) is the
most important component in the line trap. It must be rated to carry full line current and
one-second fault currents. Due to these ratings the inductor is physically a very big
device. The tuning unit must ensure high impedance over the PLC bandwidth, keeping in
mind that the impedance of the station can vary. Generally the impedance of the sub-
station is capacitive. If the tuning unit is taken out there is always a chance that the
capacitance of the station could equal the inductanre of the line trap, thus creating a
short circuit for PLC signals. In Chapter 7 measurements of the sudden variations in the
PLC signal attenuation indicated a faulty tuning unit.
The model (Figure 2.6) of the line trap will be incorporated in the simulation program
(Chapter 3) and the equations describing the line trap will be given and discussed.
2.3.2 Description of the line traps used in the Koeberg-Acacia PLC system..
A band tuned line trap is used. "Heafely" manufactures these line traps and they are
rated to withstand 2500 A continuously for 127.2s and asymmetrical peak current 2.55
times the fault current rating of 50 kA (1 sec). The main inductance of the line trap is 0.5
mHo The bandwidth of the line trap is 101-500 kHz. The type of tuning unit is classified
as "BW-I(" with a colour code of blue / white / green (blue = 101-500 kHz, white = 2500 A
and 50 kA and green = 0.5 mH). The arrestor of the line trap is a zinc oxide type.
Photograph 2.1 shows two photos of the line trap at Acacia sub-station. The left hand side
photo shows the physical size of a line trap. The big round cylinder is the main inductor
(LI in Figure 2.6). The tuning unit and the arrestor are located inside the main inductor,
it can be seen in the right hand side photo.
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Photograph 2.1 Band tuned line trap (0.5mB) at Acacia sub-station.
2.4 The capacitor voltage transformer
2.4.1 The core functions of the coupling voltage transformer in the PLC- link.
The core functions of a capacitor voltage transformer (CVT) are to couple PLC signals to
the HY power line and to provide a low voltage measurement point of line voltage.
A major requirement of the capacitor is to protect personnel from the high current and
voltage power line. This is done by coupling the communications system to the high
voltage power line via the coupling capacitor that is designed to withstand the maximum
surge that can possibly emanate from the power line.
Figure 2.7 shows a simplified model of a CVT. The intermediate voltage tap is used for
line voltage measurements. The low voltage terminal is connected to the LME that will
be described in the following section.
High voltage terminal'----------'1:
Cl
... In term ediate voltage tapC
C2
1 .. I ..... .-_--"1..."OL.;Wl:L-y.........o.&.JJt..a~g';;..:e......t""'e...r ...m'-UoJin.......a L.1
Figure 2.7 Capacitor voltage transformer
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2.4.2 Description of the capacitor voltage transformer used in the Koeberg-
Acacia PLC system.
The CVT s are manufactured by "ASEA". The total capacitance (C inFigure 2.7) of the
CVT is 4600 pf. No more details about the CVT are needed for the purpose of simulating
the losses. Photograph 2.2 shows a CVT and LME at Acacia sub-station.
LME
CVT
IVT
(Intermediate
voltage
transformer)
Photograph 2.2 CVT and LME at Acacia sub-station
2.5 The line matching equipment (LME)
2.5.1 The key functions of the line matching equipment in the PLC system.
LME equipment performs two major functions. Firstly it provides a safe connection to the
OHTL via the coupling capacitor. Secondly it matches the PLC equipment to the line
impedance for optimal power transfer.
To coupling capadlor
r----·_·_--- ------------------------
i
i
i
ii A1
i
i
i
i
i
i
i
! I
I 'i -rr- ! ......f---- Protective ciraJ~,- . ._J
Filter
Matching transformer
~seC<Xnbiner
L 1S1
Figure 2.8 Model of LME
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The basic structure of the LME is shown in Figure 2.8. The protective circuit comprises
of the arrestor (AI), knife switch (SI) and drain coil (LI). The drain coil effectively
grounds the lower terminal of the coupling capacitor at power frequencies. For PLC
frequencies it provides a high impedance path, thus ensuring that the PLC . signal power
is not short circuited to ground.
The line impedance of a twin conductor transmission line is usually of the order of 280
ohms. The impedance of the coaxial cable used by Eskom is 75 ohms. The obvious
function of the matching transformer in the LME, Figure 2.8, is thus to match the 75
ohm coaxial cable to the impedance of the transmission line.
Usually the LME contains different types of filters from which the user can choose the
best type according to the carrier frequencies and value of the coupling capacitor.
2.5.2 Description of the LME used in the Koeberg-Acacia PLC system.
"Electrisk Bureau" (EB) manufactures the LME. The only adjustments made to the LME
by ESKOM were that the arrestors were upgraded to a more conventional type of
arrestor, the ABB type RVO.66. The original units (with the old arrestor) used to fail to a
short circuit. This was problematic because one generally only noticed that something
was wrong when the teleprotection failed to operate after a line fault occurred.
The LME consists of a multiple of configuration options. The "strapping" of the LME is
generally used as a term to describe the configuration of the LME. Figure 2.9
demonstrates the LME circuit layout with the different values of the components.
LEAD~III
·JtI$lJl..ATOR
TMN5fO!!MJA TI IMPEDANCe;
LINE 5IDIl, Al 1"0 A4: 23GA
..." JOU.Il.
A2 TO :1: ~Fo:lt
~ $!IIlt:_ TO 184: !IiIlA
8no ::; ,:~i...
le: 11.0..0.
. FILTER-r.£CTION ~S$
I LI 21.0 ,...1.2, ~.~ EARTH 1"\21 TO A'I,o.n .. H"'"!Ir. O.30",HA!IIo.'I .. H
A •• o." ..H
10.7. IJ.I:I.,H
A5, I.~ ...H
A~: 1.11 rftH
85 TO Bei: O..lO.....
117: 0..41 m"
Ba: 0.1.$ .. "
89: 0.113."
810: a.80 .. "
811, II.YI ntH
..... TERNI<TlvE SIiCONIlARY
MtOTE'CTICIN r - - - -
~ ...-!~,
,-f:-- ,
I ........
~ ~~-- I~ .._---~ -1-· -
... -----.-.
-.--r-.- i -"'io- ,,-lz-'
t I I I tIl:________ -.. J
TO PLC BAY
Figure 2.9 LME layout from ER
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The strapping configuration at Acacia sub-station is shown in Figure 2.10.
Tothe CVT
I I
Fromthe 75ohmcable- f- 83 A1- PI 82 c=~- r- 85 A'J- B4A6 812A7 I
Figure 2.10 LME strapping at Acacia sub-station
Studying the strapping configuration in Figure 2.10 it can be concluded that a basic high
pass filter is incorporated in Figure 2.9.
2.6 The carrier
2.6.1 The main function of the carrier
The carrier is the main communication device. All the different signals, for example
speech and teleprotection, are transmitted by the local carrier and received at the remote
carrier. This is demonstrated in Figure 2.1.
For the purposes of this study the only important parameters of the carrier were the
frequency locations of the operational carriers and the power rating of the local carrier.
2.6.2 Description of the carriers used in the Koeberg-Acacia PLC system.
Siemens manufactured the 20-W carriers (SSB Terminal ESB 400, terminal type E401
(Eskom version» that are used in the PLC system between Koeberg power station and
Acacia sub-station.
Currently there are two carriers installed at each side. The operational frequency band of
the first carrier is 344 - 352 kHz and 320 - 328 kHz for the second carrier. Each carrier
uses adjacent channel operations, which occupies 8 kHz (4 kHz transmitting and 4 kHz
receiving).
2.7 Coupling configuration
As mentioned in the introduction, a signal is coupled to the overhead transmission line
via coupling equipment.
The term "coupling configuration" is used to specify to which phases the PLC signal is
coupled and the relative amplitude and phase voltage relationships of the coupled
signals.
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Ground plane,.__
CD
a I
Phase conductor.__
Figure 2.11 Coupling notation (a,b,c)
For the Koeberg-Acacia PLC system, coupling equipment is installed on two phases
(phase 1 and 2 in Figure 2.11). The coupling configuration that is used for the active PLC
system signals is (1,-1,0) and is a standard coupling configuration in ESKOM.
A phase combiner or symmetrical hybrid is used to couple the signal from the carrier to
the two phases. A detailed description of the coupling mechanism will be given in
Chapter 6.
2.8 Conclusion
In this Chapter the core functions of the different components in a PLC link were briefly
described together with a description of the Koeberg - Acacia PLC system.
The information of all the different components will be used in the simulation program,
described in Chapter 3, in order to predict signal attenuation variations on the PLC-link.
The accuracy of the results is just as good as the information it is based on and that is
why the correctness this information is very important.
It is interesting to note the different manufacturers of the main components identified in
the PLC link. This highlights the fact that all the components must be made strictly to
the IEC standards or better in order to be compatible.
2.9 References
[1] D.C. Smith, PLC system engineering and practical application, unpublished lecture
notes, University Stellenbosch, 1999.
[2] CIGRE study committee 35, Guide on power line carrier, Paris meeting in 1979.
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Chapter 3
The PLC simulation program
3.1 Introduction
The motivation to develop a simulation program was primarily to fully understand the
theory of modal propagation and PLC concepts. University of Stellenbosch (US) does not
have the source code of Professor Wedepohl's program and that limits the flexibility of the
program (for research purposes). Therefore a secondary motivation for developing a local
simulation program is to make customized simulations as demonstrated in Chapter 5.
This Chapter will describe the basic structure, assumptions and formulas of the
simulation program.
Figure 3.1 shows the eleven steps taken in the development of the simulation program.
In the first step the line and coupling parameters are specified Chapter 2 discussed all
the parameters required for the simulation program. In steps 2 to 5 the impedance and
admittance matrices are formulated. A few assumptions are made and motivated in these
steps. The motivations will be described together with the relevant formulas in Section
3.2. The transmission line attenuation is calculated in steps 6 to 8 and is described in
Section 3.3. The attenuation introduced by the coupling equipment is calculated in step 9
(Section 3.4). In Section 3.4 the term "coupling equipment" is used as the combination of
the LME, LT and the coupling capacitor as described in Chapter 2. It can specify which
parameters to vary (step 10) in the simulation program for a specific investigation.
Finally the attenuation is displayed in step Il.
Professor L.M. Wedepohl developed a simulation program that is based on Fortran [1]. In
Chapter 4 the author's simulation program is tested against Prof L.M. Wedepohl's
program (using the Acacia-Koeberg PLC system data) and in Chapter 5 the influences of
the ground conductor and the soil resistivity are investigated by using the simulation
program.
A more detailed description of concepts, formulas and assumptions used (in particular the
Matlab environment) in the simulation program are given in [2].
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Figure 3.1 Lavout of the sim.ulation program
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3.2 Formulation of the impedance and admittance
matrices.
The basic impedance matrix [1] of an OHTL is:
Z = [R;] +[Rel + j(lX;] + [X.] +[X.l) (3.1)
where
[R;] + j[ Xi] = Internal impedance matrix
[R. ] + j[ X.] = Matrix of the earth correction impedances
JIXJ = Matrix of the self and mutual impedances
The internal impedance will be thoroughly discussed due to its great importance. The
discussion is based on correspondence between ProfL.M. Wedepohl and W de Villiers.
3.2.1 Calculation of the internal impedance
The following discussion will describe the impedance calculations of a solid cylindrical
conductor. The formula developed (solid cylindrical conductor) will be expanded to
describe the internal impedance of a stranded conductor (Figure 2.1).
The impedance of a solid conductor at low frequencies, is
(3.2)
and at high frequencies
Z=-p_
2rr.rd.
(3.3)
where .
d ~~ p
e JIDjl
(3.4)
and: p = resistivity of the conductor
ID = angular frequency
jl = permeability
r = outer radius of the conductor
The formula for high frequencies can easily be interpreted. The current is flowing in a
very thin annulus of radius r and thickness d. (depth of the penetration) so that the
area is Zxrd e : A function must be chosen to combine the properties of Eqns. 3.2 and 3.3
in order to formulate a general formula for the internal impedance of a solid conductor.
The function coth(x) has attractive properties for the abovementioned task. If x tends to
infinity coth(x)tends to unity and if X tends to zero coth(x)tend to I/x. Using
coth(x), the following approximation for the conductor impedance can be derived:
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p KrZ =--coth(_1 )+K2
2wd. d.
(3.5)
The values of Kl and K2 are described in the discussion to follow. The following
characteristics can be noted of eqn. 3.5.
(J)~C(),Z~-P-+K2 :::::-p-
Zurd, 2wd.
(3.6)
and
(3.7)
Noting that as (J) tends to infinity, d. (the depth of the penetration) tends to zero and the
argument of coth( ) tends to infinity, i.e. coth( ) tends to unity (eqn 3.6). A similar
explanation can be given for the behaviour of eqn. 3.7.
The complete approximation of the impedance can be found by applying the following
constraints
1. Eqn 3.7 must be equal to the d.c. resistance (eqn. 3.2).
2. The value of the derivative of the low frequency approximation with respect to the
angular frequency must equal the derivative of the exact Bessel function. Kl =
0.777 [3J.
This leads to the complete approximation:
(3.8)
Eqn. 3.8 describes the approximation of the impedance of a solid conductor. The
impedance for a stranded conductor can be found by changing the DC resistance (eqn.
3.2) to
(3.9)
where
N = total number of effective conductor strands
rs = radius of each strand
and the impedance at high frequency (eqn. 3.3) to
(3.10)
where
K = factor due to the conductor stranding
n = number of the outer strands
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Following the same process as described for the solid oonductor the impedance for a
stranded oonductor can now be calculated as:
(3.11)
3.2.2 Calculation of the earth correction, self and mtrtua] ÏDlpedances
One of the first versions of the simulation program [4] used the numerical expansions
given in [3] to calculate the earth oorreetion factors. The method used was cumbersome.
The Carson's integral [1] is given in eqn. 3.12.
(3.12)
All the parameters are described in [1,3,5] separately and are therefore not repeated. In
[1] an approximation called the Gary - Dubanton formula is used for the Carson's earth
oorreetion factors that is unoomplicated, efficient and numerically stable. The formula is
shown in eqn. 3.13.
Z - jmPI (Dlij)---og -
GD 21C • dij
(3.13)
In [2] the assumption (eqn. 3.13) was tested against Carson's formula (eqn. 3.12) and
indicates close oorrelations at low frequencies and a little deviation at higher frequencies
(approximately 1 - 8 % deviation). It can be noted that the self and mutual impedances
are included with the earth oorreetion factors in Eqns. 3.12 and 3.13.
Another assumption is that the ground consists of a single layer. In [6] the Carson's
formula (eqn. 3.12) was expanded to include a multi-stranded ground plane. From [6] the
following oonclusions were made
1) For stratified cases, oonsiderable differences from the homogeneous cases
occurred when the earth layer resistivity differ by a factor of 10.
2) At very high frequencies, when the return current is confined to the first earth
layer, the homogeneous approach produces accurate results.
The PLC system operates in the 50 - 500 kHz range and for this bandwidth the return
current is mostly confined to the upper part of the soiL It can be ooncluded that the effect
of stratified ground will not influence the impedance matrix dramatically and therefore it
is not included in the simulation program.
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3.2.3 Calculation of the admittance matrix
The calculation of the admittance matrix is much simpler than the impedance matrix.
Eqn. 3.14 shows the admittance matrix as in [I).
(3.14)
3.2.4 Incorporation of the bundle conductors in the model
A valid question, at this stage, is: how is a model of the bundle conductors built in the
formulas? There are two strategies that can be followed.
1) Calculate the propagation modes for all the single conductors and thereby model
the conductors separately.
2) Treat the bundle conductor as a single-phase conductor in the simulation
program.
In Prof L.M. Wedepohl's simulation programs as well as in the simulation program
described in this Chapter the second strategy was used. In order to do so one needs a
formula that relates the bundle conductor to a single conductor. The formula given in [7]
was used in the simulation program and is shown in eqn 3.15.
r . = N.JN rAN-1
''f'DY s
(3.15)
where
Ns = number of sub-conductors in the bundle
r = radius of the sub-conductors
A = radius of the bundle
r.'I"iv is used instead of the overall radius in the impedance formulas.
3.2.5 Reduction of the impedance and admittance matrices
The impedance matrix and admittance matrices (Eqns. 3.1 and 3.14) have the order p +
q, where p is the number of bundle conductors and q the number of the ground
conductors.
It will now be discussed how the admittance and impedance matrices are reduced to
order p including some effects due to the ground conductor.
In order to reduce the impedance and admittance matrix the voltage of the ground
conductor is set to zero. It is proven in [8] that this is a valid assumption except for the
frequency (and close neighbouring frequencies) for which the nominal inter-tower
separation is a half-wave length. At these frequencies the reflection coefficient for PLC
signals is high and therefore it can influence the attenuation of the different natural
modes severely. Usually this effect is not included in simulation programs. A sub-model
is developed in the simulation program (based on the theory given in [8]) to investigate
this effect when required. The results of the different modal attenuations including this
effect are shown in Chapter 5.
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In the following discussion it is assumed that the ground conductor is at zero potential
throughout the transmission line. Equation 3.16 relates the series voltage drop with the
current.
(3.16)
The last q rows of the inverted impedance matrix (Z--') are disregarded because the last q
voltages of V are zero (the voltages of the ground conductor). The reduced Z-1 matrix can
then be re-inverted to form the impedance matrix. By ignoring the last q rows of Y, the
size of the admittance matrix is also reduced.
3.3 Formulation of the line attenuation.
Once the impedance and the admittance matrices are computed the propagation matrix
can be formulated as eqn 3.17 demonstrates:
[P]=Zy (3.17)
The eigenvectors (M) and eigenvalues (1) of P must be computed. Eqn 3.18 shows the
relationship between the eigenvalues, eigenvector and propagation matrix.
(3.18)
Due to the great importance of the eigenvalues and eigenvectors in modal propagation
some background on this topic will briefly be given [9].
Eigenvalues have their greatest importance in dynamic systems. The solution is changing
with time growing or decaying or oscillating. Almost all vectors, when multiplied by A,
change direction. Certain exceptional vectors M are in the same direction as the product
ofA times M. Those are the "eigenvectors." The basic equation is:
AM=AM (3.19)
The eigenvalues 1 tells whether the special vector M is stretched or shrunk or reversed
or left unchanged- when it is multiplied by A
Thus a physical interpretation of this powerful formulation can be interpreted as follows.
The eigenvectors contain the direction of the vectors or the fixed "physical part" of the
solution. This statement can be explained in terms of the natural modes in a multi-
conductor system. The modal matrix of the system relates to the eigenvectors and is
approximately fixed because of physical laws. The eigenvalues of the solution affect the
dynamical characteristics of the different modes (eigenvectors) describing the system.
Thus the attenuation and phase retardation of modes are associated with the
eigenvalues.
The eigenvalues (M) of a flat 3 phase horizontal line, as described in Chapter 2, are
commonly approximated by the so-called Clark's matrix [5]:
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2
M= 1 0 (3.20)
1
-1 1--
2
The three oolumns ofM describe the natural modes on a PLC system. In the simulation
program the Clark assumption is not used because it is only valid for flat horizontal
transmission lines and therefore it would limit the simulation program to one type of
transmission line.
The eigenvalues and eigenvectors are calculated with the process of repeated squares.
The process is thoroughly described in [1] and the implementation of the process in
Matlab is shown in [2]. Attenuation and phase retardation of different modes can be
extracted from the eigenvalues by using eqn. 3.21.
(3.21)
where
ai= attenuation ooefficient per unit length of the i-th mode
Pi = the phase shift ooefficient
The two-port theory will now be introduced in the following discussion to calculate the
PLC signal attenuation.
Ir~ Irvr~O-1'Ir-------;-< Vr
Vr21-<
Multi conductor
transmission line
Figure 3.2 Couplin2 to a multi conductor system
In [10] the relationship between send voltage, 1'., and the received voltage, ~,is shown
(eqn. 3.22 and Figure 3.2).
[Is] = [A -B][V.]Ir -B A ~
[~]=[~~][~:]
(3.22)
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where
A = Yocoth( vtl)
B = Yocosech(VI"I)
C = coth(VI"I)Zo
D = cosech(VI"I)Zo
and the propagation-coefficient VI"matrix equals M (Jl )M-I .
Different coupling configurations can be incorporated by changing A and B in eqn. 3.22 as
shown in eqn. 3.23.
AI =n. .A.n
BI =n -Brn
I
where nl is the transposed ofn which describes the coupling configuration.
The attenuation of the transmission line can now be calculated as shown in eqn. 3.24
[Il).
A -201 (I(A+YXY +Ym)l)ttliM - oglo
2BY
3.4 Incorporation of the coupling and line-trap loss
Eqn. 3.24 can be expanded to include the attenuation of the coupling equipment. A model
of the coupling equipment and line trap are shown in Figure 3.3 [1,11].
BUS Bar
t.rr-e o~~~=-~.~~.l --f ~.o~ ... 'oo "0"~~~~~~ I
(
Lcoupling ~
J_
~~~~Pllng 1-- 1
< «'" A:1coUPling
To .ce r-rteer- equlpl..-nent ~ d
~- ;1: lCOUp ng
--------- ---------------_._j
Figure 3.3Layout of the model for the PLC coupling system
The following parameters must first be obtained for the insertion loss calculation:
1) The inductance of the line trap, Ltrap at carrier frequencies.
2) The series resistance in the tuning unit, Rltrap.
3) The capacitance of the coupling equipment, Ccoupling.
(3.23)
(3.24)
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4) The centre frequency, defined in the equation below:
lo = ~Upperfrequency x Lowerfrequency (3.25)
All the above parameters can be retrieved from the information given in Chapter 2 for
the Koeberg-Acacia PLC system. In order to calculate the other parameters required by
the simulation program Eqns. 3.26 to 3.31 can be used. LtTap and Wo are known andCtrop
(eqn. 3.26) can be calculated as:
ICtTap = --2--
Wo LtTap
(3.26)
The resistance of the tuning unit is generally known. Figure 2.4 shows the tuning unit
section of the line trap. The capacitance and the inductance of the tuning unit can be
calculated as:
(3.27)
(3.28)
The ooupling equipment parameters described in Eqns. 3.29 to 3.31 are formulated for
maximised bandwidth for the given value of the ooupling capacitor.
1
LCOfIpling = 2CWO coup/ing
(3.29)
L liCl _ = coupmg
COfIplmg R2 (3.30)
(3.31)
All the component values that describe the line trap and the coupling equipment can now
be calculated. The following discussion will describe how the coupling loss is incorporated
in eqn. 3.32.
Y
/~-----~" /"----- <,
f ! ( )
i Line : l Line i ~ __ .
(",..------ -,'1! trap j ! trap i( z
i Z i i ! ~---------, iirt--,--+i-j
!
IY2
i
i
Y2
Equivalent
two wire
tranmission line
VRVo
i:: i \ -;----j L- ...J
~i Couping
i equipmeent )
'-- /
......_---------
\'--~;I
i Coupling
i equipment
\_------------,/
Figure 3.4 PLC model including the coupling equipment
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In Figure 3.4 the symbols used have the following meaning:
Y =
z =
Yl =
Y2 =
the series admittance of the signal generator (for Eskom's system
it is the line side admittance of the matching transformer,
Subsection 2.5.2)
series element of the coupling unit
shunt element of the coupling unit
the admittance of the line trap
The above parameters can be calculated by using Eqns. 3.26 to 3.31 to describe the
parameters in Figure 3.3. As mentioned before, the equations describing the coupling
equipment are derived for maximum bandwidth. In Subsection 2.5.2 the LME is
described. From the strapping formation (Figure 2.8) and the LME circuit diagram in
Figure 2.7 the exact values of Z, Y, Yl and Y2 can be found for the Koeberg-Acacia
system. The simulation proved that there is not a big difference in the attenuation if the
exact parameters are used in eqn. 3.32 compared to the optimized parameter according to
Eqns. 3.29 to 3.3l.
The attenuation of the PLC system can then be described in eqn. 3.32 as
(3.32)
where
I (:t; +y)YR = Y2 + _.>......:...:--....!.......,-l+Z(:t; +Y)
y"=A-~
s A+Y~
3.5 Conclusion
The goal with the simulation program was to go through the learning process in order to
understand the concepts of a PLC system and the theory of modal propagation. All the
references stated were used in building up theory and knowledge in order to develop the
simulation program. The author also had the privilege to discuss some issues about the
simulation with Prof L.M Wedepohl. In the following Chapter a thorough comparison is
made to show the strong correlation between Prof L.M. Wedepohl's and W de Villiers'
simulation programs.
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Chapter 4
Results of the PLC simulation program
4.1 Introduction
The simulation program was developed to fully understand the theory of modal
propagation, PLC concepts and to realize customized PLC investigations.
4.4.1 Testing the simulation program against Professor Wedepohl's program.
The locally developed simulation program was tested against Professor Wedepohl's
program and the results are shown in this Chapter. It will be shown that the two
simulation programs produce essentially the same results. Prof L.M. Wedepohl and W.
De Villiers had numerous discussions using the E-Mail communication medium in order
to explain some of the initial differences between the two programs. There were changes
made in both W. De Villiers and Prof L.M. Wedepcbl's original programs in order to
produce the results demonstrated in this Chapter. The two simulation programs were
developed independently from each other on different computer programming language
platforms, De Villiers' in Matlab and Wedepohl's in Fortran.
4.4.2 Simulations of the experiment to observe attenuation variation due to
change in average conductor heights.
Simulations were done to detect attenuation variations in the PLC coupling band for
different average conductor heights. For the Koeberg-Acaci.a transmission line
configuration, it can be seen that the attenuation of the PLC signal (single phase coupling
on the outer phase) is sensitive to the average height of the phase conductors.
4.2 Comparison between programs, including the
standing wave effect.
Because a relatively short line is simulated (Koeberg - Acacia) the standing wave effect
can be clearly noticed. The distance of successive peaks of the standing wave occurring in
Figure 4.1 will be discussed.
The phase shift of a travelling wave, in radians, is OJl / c . By equating the phase shift of a
travelling wave to 1C / 2 (Eqn 4.1), the frequency difference between the successive peaks
and troughs of a standing wave can be calculated.
1C OJl
= (4.1)2 c
where c = speed of light
ro = angular frequency
I = length of the line.
In this study the length of the transmission line is 31.3 km and the phase velocities of the
travelling waves on a differential coupled PLC system are close to the speed of light,
3 x l 08 mlsec. The calculation shows that the frequency difference between peaks must
be 4.8 kHz. It can be observed that the frequency distance between the neighbouring
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peaks is approximately 4.8 kHz, see Figure 4.1. The peaks are not exactly 4.8 kHz
because the attenuation of the standard coupling configuration is the result of a
combination of the different attenuations of the natural modes, which propagate at
slightly different phase velocities. The least attenuated mode, (1,-2,1) - mode 1, has a
propagation speed close to the speed of light. Three quarters of the signal power for the
standard coupling configuration (1,-1,0) is embedded in mode 1 (Chapter 6 will show the
formulation to calculate the power distribution) and therefore the successive peaks occurs
close to 4.8 kHz. The dotted line represents Professor Wedepohl's program and the solid
line the De Villiers program.
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Figure 4.1 PLC signal attenuation( 300kHz - 400kHz) introduced bv the
transmission line for standard coupling configuration (1,-1,0) signifving the
standing wave effect
4.3 Comparison between programs, excluding the
coupling equipment and the standing wave.
In order to clearly present the results of the signal attenuation simulations effectively the
standing-wave effect will be filtered out for all the attenuation graphs in this thesis. A
zero-phase forward and reverse digital filter is used to filter the data. The Matlab
function used to realize such a filter operation is called "filtfilt". The filter introduces
zero phase distortion and is suitable for data processing.
The attenuation of the transmission line alone is demonstrated in Figure 4.2 for both the
standard (I,-1,0) and the single outer phase (1,0,0) coupling configurations. It can be seen
that the two simulation programs produce very similar results. See Figure 4.2 for the
whole PLC spectrum.
For the results shown in Figure 4.2 the soil resistivity is chosen as 300 ohm-meter and
the average height of the ground conductor is taken as the attachment height.
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Figure 4.2 Comparison between ProfWedepohl's simulation program and De
Villiers program for the line attenuation only.
4.4 The insertion loss introduced by the Coupling
Capacitor (CC) and the Line Trap (LT).
The following two graphs (Figure 4.3), produced respectively by De Villiers' and Professor
Wedepohl's programs, demonstrate the insertion loss introduced by the CC and the LT.
Again close agreement between the two simulation programs can be observed.
At the mid frequency, 224 kHz (Figure 4.3), it is clearly evident that the additional loss
introduced by the coupling capacitor is approximately zero (a minimum) and on the other
hand that the insertion loss of the line trap is a maximum for the PLC band, 50 - 500
kHz. The sum of the insertion losses of the CC and the LT results in a relatively flat
frequency response over the frequency band.
600
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Figure 4.3 The insertion loss introduced by the coupling capacitor and the line
trap.
4.5 Total attenuation for the PLC band including the
coupling equipment
Figure 4.4 shows the total attenuation of the two coupling configurations.
With this result the testing process against Professor Wedepohls' program is concluded.
The newly developed De Villiers simulation program proved itself and produces
trustworthy results when compared to Professor L.M. Wedepohl's simulation program. In
Chapter 7 the program is tested in a practical field environment and the results again
indicated close agreement.
From the graphs in Figure 4.4 it can be concluded that the attenuation of single phase
coupling on the outer phase (1,0,0) and the attenuation of the standard coupling
configuration (1,·1,0) do not differ as much as expected. In the simulations done (Figure
4.1 to 4.4) the average height of the phase conductors is equal to the attachment height
as previously mentioned. The expectation of the higher attenuation (for single outer
phase coupling) is validated in Figures 4.6 to 4.8 (in the following section) showing the
changes as the average height of the phase conductors are varied.
soo
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4.6 Simulation of the Koeberg-Acacia 400 kV PLC signal
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This section deals with the simulation of the PLC signal attenuation for the standard and
single phase coupling schemes with variation in average conductor height and soil
resistivities.
The average height of the phase conductors is varied from 9m to 14m above the ground
plane. The ground conductors are varied in tandem with the phase conductors (5.5m
distance between ground- and phase conductors). This assumption is tested in Figure 4.5
and will be discussed in the following paragraph.
The phase oonductor will not always sag with the same amount as the ground conductor
(therefore the distance between the ground conductor and the phase oonductor will not be
constant), due to different ooefficients of linear expansion and the current in the phase
conductors that produces extra heat. In the simulation showed in Figure 4.5 to test this
assumption the average height of the phase conductor is taken as 12m. The distance
between the ground oonductor and the phase conductor is varied between 3 and 6 meters
(Figure 4.5) in one-meter steps. The simulation indicates that the vertical distance
between the phase oonductors and the ground conductor does not affect the PLC
attenuation much for the standard ooupling (1,-1,0) oonfiguration. Special care must be
taken when considering detailed simulations of the nonstandard ooupling oonfiguration
but in this thesis the distance between the ground- and phase conductor will be taken as
a oonstant (5.5m).
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Figure 4.5 PLC signal attenuation where the distance between the phase
conductor and ground conductor is varied
Figures 4.6, 4.7 and 4.8 shows the PLC signal attenuation for different phase conductor
heights and for soil resistivities of 100, 300 and 500 ohm- meter respectively.
In all these Figures it can clearly be noted that the single phase coupling on the outer
phase (1,0,0) signal attenuation is much more sensitive to variation in the average phase
conductor height than for the standard coupling scheme.
The soil resistivity influences the attenuation as shown in the Figures. In Chapter 5 the
role that different types of ground conductors play in the PLC system will be studied in
depth to fully understand how changes in soil resistivity influence the PLC signal
attenuation.
600
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Figure 4.6 PLC signal attenuation with different average phase conductor
heights for 100ohm - meter soil resistivity
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Figure 4.7 PLC signal attenuation with different average phase conductor
heights for 300 ohm - meter soil resistivity.
32
Stellenbosch University http://scholar.sun.ac.za
45 ~ - ~ ~ ~ ~ - ~ T ~ ~ ~ - - - - - -, - - - - - - - - - r - - - - - - - - r - - - - - - - - .,- - - - - - - - -,
I I I
40 - - ,- - - - - - .J. - - - - - - - - -1- - - - - - - - -I-- - - - __ - - - +- - - - - - - - - -I - - - - - - - - -I
, 1 , I
I I
I I~ __~ l J L _
I I
________ J~ _
I
~ --------+--------~---------~--------
I I I
I--------1---------,
I I
:13m 14m ~12m
- --I
15 I I- -------------T--------l---------
I
I
I I I--------T--------,---------l10
5
, 14m
I---~---------~--------+--------~---------I
~(1,O,O)COJ!1Iing :
I I (1,-1,O)ca4Jljng I
°0~------~1~OO~-------~~--------~~~---------«W~------~~~--------ro~0
Frequercy [kHz)
Figure 4.8 PLC signal attenuation with different average phase conductor
heights for 500 ohm - meter soil resistivity.
4.7 Conclusion
The De Villiers' simulation program gave trustworthy results when compared to Prof
Wedepohl's simulation program. This comparison was very time consuming but
extremely important because there are so many variables in the field (and by implication
so many potential errors) that the user must have confidence in the simulation program.
PLC signal attenuation for the standard coupling configuration (1,·1,0)proved to be less
sensitive for variation in the average conductor height than the single phase coupling on
the outer phase (1,0,0).
Following this result an experiment was designed to incorporate single phase coupling on
the outer phase in order to measure the effect demonstrated in the above Figures. The
experiment is discussed in Chapter 6 and the measured results are shown in Chapter 7.
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Chapter 5
The influence of ground conductors on
PLC systems
5.1 Introduction
The ground conductor influences the PLC signal propagation in mainly two ways.
Firstly, the most common effect associated with the ground conductor is the resonance
occurring at the frequency where the spacing between the towers is equal to a half
wavelength. In order to investigate this effect a sub-program in Matlab was developed.
The theory used in the program is based on [1]. In Section 5.2 this theory will be shown
and discussed. The results generated by this sub-program (Section 5.3) are similar to the
results shown in [1] and thereby give some indication of the correct implementation of the
theory. The results could not be tested against Prof L.M. Wedepohl's program due to the
unavailability of this module in his program.
Secondly, the ground conductor parallel with the ground plane acts as a return path for
the currents (at low as well as high frequencies). The properties of both return paths play
a role in the PLC signal attenuation and must be analysed simultaneously. InSection 5.4
interesting Figures demonstrates the unexpected impact that the type of ground
conductor has on modal propagation. More detailed simulations (Section 5.5) are shown
in order to explain this phenomenon.
The soil resistance is a difficult parameter to determine accurately in PLC signal
attenuation simulations due to its geological in homogeneity and seasonal and climatic
variability. This Chapter gives the reader insight into the PLC signal attenuation
variation due to the changes in soil resistivity.
5.2 Resonance effects due to discretely bonded ground
conductors.
The theory is described in [1] and is implemented in the simulation program. The
important formulas are shown to give background on this effect and to demonstrate how
the effect is simulated.
5_2_1Theory of the resonance effect
Figure 5.1 shows a line diagram of the model of a transmission line between two towers.
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Va2=0; ~ 1b2 j Vb2=0-.
L - distance between two adjacent towers
~ T
Val .'--~~l------~------~---------~~~--------~~~l-'rVb)
Represents the three phase
conductors
Represents the two ground
conductors
Filnlre 5.1 Model between two towers for the resonance effect
Eqn. 5.1 is similar to eqn. 3.22 except that the matrices are not reduced and therefore are
of size 5x5.
[
la] [A -B][v:.]t, = -B A v;, (5.1)
where A and B were described in Section 3.3
Eqn. 5.1 can be partitioned into phase-conductor and earth-conductor groups (eqn. 5.2)
before the appropriate boundary conditions, shown in Figure 5.1, are inserted.
lal ~I 4z1 -B11 -B)2 Val
i: 4z1 An -B21 -B22 Va2 (5.2)=t; -Bil -B12 ~I ~2 v;,1
Ib2 -B21 -B22 4z1 4z2 Vb2
Since Va2 and Vb2 equal zero (Figure 5.1) and there is no need to calculate the earth wire
currents eqn. 5.2 can be reduced to eqn 5.3:
(5.3)
Eqn. 5.3 is a complete description of the transmission line section but is not in a practical
form because it has to be cascaded by a very large number of sections. Introducing the
concept of equivalent natural modes solves the problem.
~ I and Bil are set to
~I = YOI cothfr.)
Bil = Ymcosech('l)
(5.4)
where 'lis the propagation coefficient matrix per tower section.
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The transmission line eqn. 5.3 for r tower sections (assumed identical) in cascade can be
reformulated to form eqn. 5.5. The prooffor this step is given in [1).
(5.5)
In Eqns. 5.4 and 5.5 YOIand TI must be determined, whereas in Chapter 3 the
eigenvalues and eigenvectors of the propagation coefficient matrix (per unit length) were
used to calculate the A and B matrices. The process is turned around and the known
matrices A.I and BIl are used to calculate the eigenvalues and eigenvectors which then
describe the effective propagation.
The admittance matrix can be eliminated by formulating the product of the inverse of
~I andA.1 in eqn. 5.6.
(5.6)
The cosh(~) matrix can be expressed by its eigenvalues (~) and eigenvectors (SI) in
eqn.5.7.
(5.7)
Finally, the effective propagation matrix can be written as
(5.8)
where IfDwer is the average distance between the towers. and eqn, 5.5 becomes
(5.9)
5.2.2 Implementation inMatlab
This theory was implemented in the sub-program to investigate the resonance
phenomenon. The simulation is shown in Section 5.3.
One of the most frequently used techniques in the implementation of the theory will be
described in this discussion.
The Matlab command cosech(A) where A is a 5 by 5 matrix with complex arguments
does not work correctly. The theory of idempotents [2] is a powerful tool in linear algebra
and was used to overcome this problem.
Any matrix can be written in terms of its eigenvalue matrix (A,) and it eigenvector
matrix (M).
A =[M][A,][Mrl (5.10)
The right hand side of eqn. 5.2 can be rewritten as
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n[M][AHM-1]= ~)M;][Mi-l]A; (5.11)
where n is the size of the matrix.
The product of [Mi ][M;I] is called an idempotent. If sum of all the idempotents of a
matrix are summated equals the unit matrix. The eigenvalue matrix [A] is a diagonal
matrix and therefore Ai is a scalar where [MJ and [M;I] are column and row matrices
respectively.
With the use of equation 5.10 and 5.11, the function cosech(A) can be incorporated into
the Matlab code as eqn. 5.12 demonstrates.
n
cosech(A) = [M]cosech([Al)[Mrl = ~)MiHM;I]cosech(AJ (5.12)
From eqn. 5.12 it can be seen that the function cosech() operates on scalar numbers
and is therefore compatible with the Matlab environment.
5.3 Simulation results: resonance effects due to
discretely bonded ground conductors.
Figure 5.2 shows the resonance effect. The transmission line information given in
Chapter 2 is used (336.7m average tower spacing) for this simulation. The x-axis in
Figure 5.2 is plotted in terms of the normalized section length. From the Figure it can
clearly be seen that the effect is occurring where the normalized section length is equal to
0.5. Thus for the Koeberg-Acacia transmission line the resonance effect occurs at 445.5
kHz (eqn. 5.13).
0.5 == jl
Co
f == 0.5x3x108 = 445.5 kHz
336.7
(5.13)
The most attenuated mode, mode 3, is influenced by this effect at the frequency where
the spacing between the towers is equal to a half wavelength. It is should be noted that
the smooth-line theory (Simulation program described in Chapter 3, and also plotted in
Figure 5.2) and the resonance theory (Section 5.1) give similar results outside the critical
region. It can also be observed that mode 2 attenuation only indicates a little deflection
due to the resonance effect and mode 1 shows zero deflection.
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Figure 5.2 Resonance effects on the natural modes due to discretely bonded
£rOund conductors
5.4 Influence on PLC signal attenuation due to the type
of ground conductor and soil resistivity
5.4.1 The attenuation of the natural modes for steel and aluminium ground
conductors compared with a no ground conductor case
Figure 5.3 indicates the modal attenuation of the three modes for a steel ground
conductor, ACSR ground conductor and a transmission line with no ground conductor,
respectively. The properties of the two conductors are summarized in Table 5.1. The
attenuations of the modes are calculated for a frequency interval from 50 to 500 kHz and
the soil resistance is set to 300 ohm -meter.
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Table 5.1 Characteristics ofthe ACSR and Steel ground conductor
Type of ground conductor Steel ACSR, aluminium
Overall radius [mm] 6.6 8.26
Radius of strands [mm] 1.3 1.18(outer Al strands)
Number of strands 6 (outer) and 7 (total) 18 (outer) and 30 (total)
Conductor resistivity 2e-7 3.2e-8
Relative Permeability 1000 1
I I I I
" , ---, A1uminiQlll ground ,conductor
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Figure 5.3 Propagation of the main modes on a PLC system with no / steel I aluminium
ground conductors.
It should be noted that the type of ground conductor does not influence mode 1
attenuation. Mode 2 attenuation is largely influenced by the presence of the steel
conductor. Mode 3, on the other hand, is mainly influenced by the presence of the
aluminium conductor. This is a very interesting phenomenon. From Figure 5.3 it can be
concluded that the properties of the ground conductor have a prominent role in the PLC
signal propagation.
The only parameters that distinguish the two ground conductors are conductivity,
permeability and size. The size difference of the ground conductor in proportion to the
dimensions of the whole system is very small. Simulations (not shown in the thesis) prove
that the size difference is not responsible for the effects shown in Figure 5.3. The
explanation of this effect will start with an introductory discussion of a single ground and
phase conductor above a ground plane.
500
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5.4.2Model of a single phase conductor with one ground conductor
Figure 5.4 demonstrates this simplified model. Consider the case where the impedance of
the ground conductor, Zgc, approaches infinity with both ends of the ground conductor
connected to ground. No current will flow in the ground conductor and the loss due to the
ground conductor will thus be zero. The other extreme is to have the impedance of the
ground conductor, Zgc, tending to zero. There will then be a current flow in the ground
conductor mainly due to the magnetic flux coupling, but the loss will be zero because the
resistance of the ground conductor is zero.
Zgc/ Ground conductor
/
/
Phase conductor ..
Ground (soil) zc ; t
/ 4
/
Figure 5.4 Single conductor with one !!round conductor above the !!round
plane.
From the explanations in the previous paragraph it can be concluded that for either low
or high values the supplementary loss due to the ground conductor impedance tends to
zero. There must therefore be a maximum value for the loss in between the two extreme
cases. The same argument can be used for the loss introduced by the soil resistivity.
Thus, there also exists a maximum loss in between the two extreme cases of soil
resistivity.
ForFigures 5.5 to 5.7:
In these Figures the mesh grid represents the attenuation of the transmission line
with a ground conductor and the surface plot represents the attenuation of a
transmission line without a ground conductor. The surface plot, transmission line
with noground conductor,can be used as a referenceplane.
5.4.3 Mode 2 attenuation for the variation in the 8Oil'resistivity and ground
conductor conductivity
Studying Figure 5.5 it will be noted that for all the extreme cases (extreme values of
conductivity and soil resistivity) mode-2 attenuation is close to the no-ground conductor
reference plane. For the high ground conductor conductivity and low ground resistance
the current will flow in both mediums with low losses. The loss is defined as Loss = /2R
and for the previously case R is insignificant in both mediums (ground conductor and soil)
and therefore the loss is negligibly smalL This part of Figure 5.5 is identified with a
number 'I' printed on the graph, for future references the notation (1' as in Figure 5.5)
will be used. IT the resistance of the soil is very large and the conductivity of the ground
conductor is very low most of the current will flow in the ground conductor. But the loss
will still be very small because of the high conductivity of the ground conductor (2' in
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Figure 5.5). The same explanation follows for the low attenuation at point '3' in Figure
5.5.
For the single-conductor case described in Subsection 5.4.2 (Figure 5.4) the loss in the
system will be high for low values of the ground conductor conductivity (high resistivity)
and for high soil resistivities because the return current must return via one of the two
mediums.
For the multi-conductor case the situation is different. For the low values of ground
conductor conductivity and high soil resistance the current can still return via the other
phase conductor for the differential mode (mode 2). Thus the upper right hand square in
Figure 5.5 (which cannot be seen due to the angle of the plot) is also close to the reference
plane (transmission line with no-ground conductor).
The maximum attenuation in the ground conductor conductivity, occurs at CJ = 7196,85
Slm (4' in Figure 5.5) and in ground resistivity, at p = 268 n- m ('5' in Figure 5.5). Both
steel and aluminium conductors have conductivities much higher than 7196,85 (typically
for steel CJ = 5e6 (p = 2e-7) and for aluminium CJ = 35e6 (p = 2.85e-8)). The maximum
attenuation peak occurring in the x-axis (due to the soil resistivity) is a physically
realistic value where the peak in the y-axis due to the conductivity is not. The ground
resistivity is one of the parameters in the PLC system that is difficult to determine due to
the fact that it can vary. Figure 5.5 shows that the attenuation in mode 2 can vary by
approximately 3 dB for soil resistivity variation. It will also be observed that the crest of
maximum attenuation is not as sharp as on the y-axis. Small variations in the ground
resistivity will thus not influence attenuation in mode 2 dramatically.
X axis - Seil resisti¥ity [ohm- meter) Y ans . C()nduclMty [sfsmens/meter]
Figure 5.5Attenuation of mode 2 if the soil resistivity and the ground
conductivity are varied. <Permeability = 1)
It should be noted that the reference plane cuts the mesh grid at high conductivity values
for the ground conductor with intermediate values of the soil resistivities ('6' in Figure
5.5). This means that the attenuation for a ground conductor with good conductivity
properties and no magnetic properties (permeability = 1) is less than the no-ground
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conductor case. This explains why mode 2 attenuation for the aluminium conductor is
just less than the no-conductor case in Figure 5.3.
5.4.4Mode 3 attenuation for the variation in the soil resistivity and ground
conductor conductivity
The attenuation for mode 3 is very high and this is why it is called the "high loss mode".
The scale difference in the z-axis (attenuation) is clearly evident from Figures 5.5 and 5.6.
Points '7' in Figure 5.6 and '9' in Figure 5.6 can be explained in the same way as point '1'
in Figure 5.5 and '3' in Figure 5.5. The maximum attenuation in the x-axis, occurs at
6000 O-m (11' in Figure 5.6). The soil resistivity is varied with the same amount, 1 to
10e4, in Figure 5.5 and Figure 5.6. It can be seen that the attenuation dropped at point '8'
in Figure 5.6 and will eventually meet the zero attenuation for higher values. Therefore
the same argument used to explain point 2 in Figure 5.5 is still valid.
For high soil resistivity and low ground conductor conductivity the attenuation will be
high and above the reference plane. For mode 3 propagation (1,1,1) the current must
return via the ground conductor or the soil, the same as the simplified model in Figure
5.4. Thus if both paths contain high resistance then the loss of mode 3 must also be high,
(lO'in Figure 5.6).
At point '11' in Figure 5.6 the reference plane cuts through the mesh grid. This indicates
that mode 3 attenuates (with a ground conductor with good conductivity properties and
no magnetic properties) less than the no ground conductor case. This phenomenon is
understandable as it indicates that the return current (initiated by mode 3) flowing
through a good ground conductor (high conductivity properties) experiences less loss than
flowing through soil (11' in Figure 5.6). This also explains the lower attenuation in mode
3 for the aluminium ground conductor shown in Figure 5.3.
X axis - Soil resistMty [ohm - meter)
Y axis - Conductivity [siemensrmeter]
Figure 5.6Attenuation of mode 3 if the soil resistivity and the ground
conductivity are varied. (Permeability = 1)
42
Stellenbosch University http://scholar.sun.ac.za
5.4.5Mode 2 attenuation for the variation in the soil resistivity and ground
conductor permeability
Figure 5.7 demonstrates mode 2 attenuation of a ground oonductor with a fixed
resistivity of 2e-7. This is an approximated value of the resistivity for a steel oonductor.
The oonductor impedanre is directly proportional to the permeability. Therefore an
increase in permeability will result in an increase in impedance and the same
explanations as previously discussed can describe the shape.
The maximum attenuation in the x-axis, ground resistivity (12' in Figure 6), occurs at (J =
268 (the same as in Figure 5.5). For the y-axis the maximum permeability value occurs at
Jl=3,ge3 (13' in Figure 5.7). For a permeability of 1000 (typical for a steel ground
conductor) the attenuation is much higher than the reference plane. In Figure 5.3 it can
be seen that mode 2 attenuation for a steel conductor is a great deal more than the no
conductor case.
The maximum crest for both parameters is not very sharp (round ball shape at '14' in
Figure 5.7). For a permeability of 1000 the maximum attenuation is 9.04 dB. 99% of the
maximum attenuation value is 8.95 dB and occurs at soil resistivities of 240 and 660 ohm
meter. Therefore it can be ooncluded that mode 2 attenuation is not very sensitive to
change in the soil resistivity.
X ens - Soil resistivity (ohm - meter} Y axis - Permeability
Figure 5.7Attenuation olmode 2 if the soil resistivity and the permeability are
varied <COnductivity = 2e7).
5.4.6 Current division between the ground conductor and soil
A different viewpoint will be described to explain the effects introduced by the ground
conductor and soil resistivities in general.
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A way to think about the effects due to the difference in ground oonductor and soil
resitivity properties is to formulate the loss introduced in the system by the two paths
independently. Consider the simplified system as demonstrated in Figure 5.4 again.
The total current at any point of the transmission line, Figure 5.4, must be zero therefore
eqn. 5.14 can be formulated as
(5.14)
where
lp = current in the phase conductor
Igc = current in the ground conductor
Ig = current in the ground(soil)
The loss introduced to the PLC system through the ground conductor and soil can be
stated as
(5.15)
From equation 5.15 it shall be observed that the presence of the ground conductor can
either reduce or increase the loss. It all depends on the current splitting (the relative
relationship between IIg I and IIgc I) and the values of the resistance of the two media.
5.5 Conclusion
A subprogram was developed to investigate the resonance effects due to discretely bonded
ground conductors. The theory used in the simulation is briefly discussed [1]. The graph
in Figure 5.2 indicates that the resonance effect for the Koeberg -Acacia PLC system
occurs at approximately 445.5 kHz and is mainly influenced by the "high loss mode",
mode 3.
The phenomena of different attenuations of the modes are demonstrated and are due to
changes in the ground conductor and soil parameters. Mode 1 attenuation is not
influenced by the changes because the two ground conductors are very close to the
magnetic equipotentials of the Faraday induction currents in the phase conductors
therefore low magnetic flux coupling occurs.
Modes 2 and 3 indicated noticeable changes and were studied for various combinations of
parameters. It is interesting to note that a region exists where the attenuation of the no -
ground conductor case is more than a transmission line with a ground conductor. This
can be understood by noting that return current is taken "away" from the soil via a
ground conductor and it results in less total attenuation. The effect is more prominent
when aluminium ground oonductors are installed due to the fact that aluminium's
impedance is less than steel.
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Chapter 6
Design of the Acacia-Koeberg
experiment
6. 1 Introduction
The experiment is aimed at monitoring the PLC signal attenuation variation and effects
like modal cancellation that may occur, over a long period of time.
The design of the experiment can be divided in two parts. The first part will focus on how
an additional signal is introduced into the system and the influence it will have. The
second part describes the signal generation and monitoring (logging).
Part 1 (sections 6.2 and 6.3)
The first step of the experiment was to propose an experimental layout (Section 6.2). Mr
Dave Smith from Eskom proposed this basic experimentation layout and De Villiers had
to do the calculations to determine how it would influence the operational system
(Section 6.3). These calculations were the main test for the feasibility of the experimental
layout. The results from the simulations and the calculations (Section 6.3) showed that
the experiment would not influence the system noticeably.
Part 2 (section 6.4)
The design of the signal generator and the logging of the attenuation will be described.
This section is divided into subsection 6.4.1 (describing the transmitter) and subsection
6.4.2 (describing the receiver).
6.2 Experimentallayou t
6.2.1 Standard coupling scheme.
The standard coupling scheme [1] that Eskom uses on the Koeberg-Acacia PLC-link
system is demonstrated in Figure 6.1. The symmetrical hybrid, AIAC manufactured by
BBC, in Figure 6.1 is generally referred to as a "phase combiner. The name is quite
descriptive as the symmetrical hybrid combines the signals from the two phases. In this
thesis the symmetrical hybrid in Figure 6.1 will be referred to as the "phase combiner".
The phase combiner splits the power received at port I(p!' in Figure 6.1) equally to ports
2 and 3. Thus the loss of signal power from port 1 to port 2 and port 1 to port 3 is
approximately 3 dB. The loss between ports 2 and 3 is called the trans-hybrid loss and is
approximately 23 dB. The phase combiner is wired in such a way that it introduces a
1800 phase shift to port 2 relative to the signal phase of port 1. The phasing of the signal
at port 3 is the same as at port 1.
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Couplingl/sqrt(2)--
Pi
I
n I
~
I
I
Signal from I
the carriers -r------j
Phase
combiner
(Hybrid)
pI--1 Coupling
-I/sqrt(2)
Transmission line
Figure 6.1 Standard coupling scheme
In Figure 6.1 the power inserted into the system is called Pin and the power delivered to
the transmission line is called Pout. It is assumed that the line matching unit, coupling
capacitor and coaxial cables are ideal. Therefore it can be shown that Pin equals Pout.
[Pin]Att = 10 log -- dBPout (6.1)
and by substituting the voltage ratios as indicated in Figure 6.1 in eqn. 6.1 the loss can
be formulated as:
1
Att=lOlog =OdB (6.2)
There will be modest losses in an operational system but the phase combiner in Figure
6.1 is idealized. The phase combiner operates in the same way as a 3 dB power splitter.
6.2.2 Important coupling condition for the new coupling scheme
From natural modal theory, as described in Chapter 3, it is known that any signal that is
coupled to the HV transmission line will couple to its natural modes. This concept will be
used to calculate the distribution of a coupled signal in its natural modes.
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Studying Figure 6.1 the coupling vector can be derived as:
(6.3)
I
The .fi quantity shown at the transmission line in Figure 6.1 is normalized to 1 as in
eqn. 6.3. The coupled vector will distribute according to its natural modes, M, (Section
3.3) on the transmission line.
The vector A in the equation 3 contains the modal distributions,
Cc =[Ml[A] (6.4)
where A is a column vector. For the standard coupling configuration as shown in Figure
6.1 A can be calculated as
[
0.5]
A= 1
°
The power distribution of the different modes can be calculated as:
3
LA(l, l)M(i,l)Cc(i, 1)
Model = ;=1 100 = 75%
3
LA(i,1)2
(6.5)
;=1
3
L A(2,1)M(i, 2)Cc(i, 1)
Mode2= ;=1 100 =25%
3
LA(i,1)2
(6.6)
;=1
3
LA(3,1)M(i,3)Cc(i,1)
Mode3 = ;=1 100= 0%
3
LA(i,I)2
;=1
(6.7)
It can be observed that three quarters of the power is contained in mode 1. Mode 1 is the
lowest attenuated mode. It makes sense to couple in such way that mode 1 contains a
major part of the signal. It is also a safe way to couple in order to prevent effects like
modal cancellation. Modal cancellation is more likely to occur when mode 2 is exited with
a larger amplitude mode 1 [2]. Modal cancellation will typically occur between those
modes.
For the experiment a signal must be coupled in such a way that the power in mode 2 is
more than in mode 1 and therefore increases the possibility for effects like modal
cancellation to occur.
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For a single phase coupling on the outer phase Cc in eqn. 6.3 will change to
(6.8)
By using Eqns, 6.5 and 6.7 the power distribution in the modes are calculated as: mode 1
= 16.6%, mode 2 = 50010 and mode 3 = 33.33%. Modal distribution for the centre phase
coupling is calculated in the same way. It is: mode 1 = 66.6%, mode 2 = 0010 and mode 3 =
33.3%.
From these calculations it is concluded that the only coupling that will contain a
possibility for modal cancellation is the single phase coupling to the outer phase.
6.2.3 Coupling configuration proposed by Mr Dave Smith
With this coupling arrangement in mind Mr Dave Smith from Eskom proposed the
following scheme. As shown in Figure 6.2 he suggested the incorporation of an additional
hybrid into the operational PLC system.
CouplinglIsqrt(2)-Pin-.
Signal from p l
the carriers -
Hybrid
Additional
signal
Transmission line
1/2 -lIsqrt(2) 0
Figure 6.2 Experimentallavout to include the additional signal
An additional symmetrical hybrid is inserted between port 3 (p3' in Figure 6.2) of the
phase combiner and the LME of the outer phase. The newly inserted symmetrical hybrid
is exactly the same as the phase combiner. Port 5 of the hybrid gives access to an
additional signal to be coupled to the outer phase of the transmission line.
The trans-hybrid loss between ports 3 and 5 provides isolation between the operational
carriers that are connected to port 1 and the additional signal that is connected to port 5.
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The hybrid will introduce an extra 3 dB loss for the signal power transmitted to the outer
phase. This then introduces a non-standard and unbalanced coupling vector to the
transmission line.
Before the proposed coupling layout could be installed on Eskom's system the effect(s)
had to be quantified to ensure that Eskom would take no risks with the installation. In
the following section the influence of the hybrid will be discussed and quantified.
6.3 Calculation of the additional insertion loss
introduced by the experiment.
The insertion loss due to the experiment (see Figure 6.2) can be divided into two parts.
The first part is the power loss introduced in the outer phase and the second part of the
insertion loss is due to the unbalanced coupling configuration.
6.3.1 Power loss in the outer phase:
From Figure 6.2 it shall be seen that the coupling vector is
Using eqn. 6.1 under the aforementioned conditions the attenuation of Pin to Pout in
Figure 6.2 can be calculated as:
Aft =lOlog 1 =1.25 dB
Because the power loss between Pin and Pout was 0 dB for the standard coupling
configuration (eqn. 6.2) the introduced power loss is 1.25 dB for the new configuration.
6.3.2Additional attenuation due to the unbalanced coupling vector
Because the transmission line is so short it can be expected that the extra loss due to the
transmission line should be very small, but it had to be confirmed.
In the simulations the following parameters were used. The average phase-conductor
height above the ground plane is 11 m. The earth's resistivity is taken as 100 ohm
meters. The rest of the line data used in the simulation program were described in
Chapter 2.
In order to compare the line attenuation of the PLC signals, unity power is coupled to the
line in both cases (standard and experimental coupling configurations). Both the coupling
vectors must represent the voltage distribution and must satisfy the condition in eqn. 6.9
for unity power.
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(6.9)
V stands for the voltage vector. The subscripts indicate the different phases of the
transmission line.
For the non-standard coupling configuration V2 must be double the power of V;. By using
eqn. 6.9, eqn. 6.10 can be reformulated as
(6.10)
where X can be calculated as 0.447. Finally the coupling vector for the non-standard
configuration can be given as
[
0.45 ]
Cn<n-standord = -O~89
The coupling vector (Cnon-1ltandard) is used in the simulation program.
Figure 6.3 shows the line attenuation for the standard and non-standard ooupling
configurations. The simulation is done for an average oonductor height of 11m and 100
ohm-meter soil resistivity. In Chapter 7 it will be shown that measurements indicated
that the above-mentioned parameters are those most likely describing the current
conditions of the Koeberg-Acacia PLC system.
It was noted that the simulations indicated less attenuation for the non-standard
coupling configuration (1,0,0) than the standard ooupling oonfiguration (1,-1,0).
What this result practically means is that the standard ooupling configuration is not the
optimum-ooupling configuration. In [3] it is proven that with the use of "Lagrange
multipliers" the optimum coupling for a two phase installed PLC system is equal to the
non-standard ooupling oonfiguration. The reason why Eskom is using the (1,-1,0) ooupling
scheme is because there is better communications reliability under fault scenarios.
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Figure 6.3 Simulation of the standard coupling configuration (1,-1,0) and the
non standard configurationC1/2,-1.0> due to the experilnent.
6.3.3 Total additional insertion loss introduced by the expertment
The total additional insertion loss can now be calculated. Figure 6.4 is a diagrammatic
representation of the losses that the operational PLC signals will experience due to the
presence of the experiment (Figure 6.2).
Coupling 400kV Coupling
PLC mechanism Transmission line mechanism PLC
earners with with carriers
at - the experiment - --- the experiment - atKoeberg Acacia
1.25dBloss Loss 1.25dBloss
derronstrated
by Figure 6.3
Figure 6.4 Representation of the losses introduced bv the experiment
The summation of the total losses is shown in Figure 6.4. The following section will
discuss the design of the monitoring system.
600
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6.4 Design of the monitoring system
In part 1 it was shown that that the two additional hybrids (Figure 6.2), one at each side,
give access to a single phase coupling on the outer phase.
This section will describe the design of the experimental transreiver system. Figure 6.5
describes the overall experimental layout. The experimental layout can be subdivided
between the transmitter and the receiver. The transmitter and the receiver will be
described, respectively, in sections 6.4.2 and 6.4.3.
6.4.1 Specifications of the monitoring system
The transmitter at Koeberg power station must have the following characteristics
• An output resistance of 75 ohms. The characteristics of the hybrid described in
section 6.2.3 are only valid if the terminals of all three ports (of the hybrid) are
terminated in 75 ohms.
• The ability to sweep through a frequency spectrum slowly. The goal of the experiment
is to monitor. a specified spectrum of the frequency band in order to establish the
variation in attenuation. For example, the spectrum of 400 kHz to 500 kHz must be
swept in a time period of 15 min.
The receiver at Acacia sub-station must have the following characteristics
• 75 ohm input impedance.
• The ability to measure the signal strength and its location in the frequency spectrum
of the received signal (from the transmitter).
• The ability to log the above stated measurement (in dBm) and the location in the
spectrum (in Hz) and the time that it logged the data.
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Figure 6.5 Experimental layout
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6.4.2 Transmitter
The transmitter romprises a controller, signal generator and amplifier (Figure 6.5). The
transmitter is located at Koeberg power station. The reason for locating the transmitter
at Koeberg is due to the difficulty to gain frequent access (tight security). Once the
experiment is running the results should be downloaded on a frequent basis. Acacia sub-
station is more ronvenient for frequent access. It is thus practical to locate the
transmitter at Koeberg power station and the receiver at Acacia sub-station.
The first problem was to get a signal generated that has the ability to satisfy the design
specifications. Most of the systems in use at US are based on 50-ohm characteristic
impedance. Eskom on the other hand had some equipment and measurement devices
that are based on 75-ohm characteristics. During a visit to Eskom by W de Villiers one of
the older signal generators in the store was investigated. It has an output impedance of
75 ohm and an external frequency control input for the matching transmitter. This signal
generator PS-3, manufactured by Wandel u. Goltermann was ideal for the purpose ofthe
experiment and its functionality could be exploited.
The idea is to generate (with a function generator) the external frequency control input
signal for the signal generator that is usually generated via the matching unit (SPM-3
selective level meter). Frequency location control will thereby be gained via the function
generator. The following discussion describes how the signal generator (PS-3) functions
and how it is used in the experimental setup.
Beat-frequency generator (£S-3) [41
The beat-frequency generator (PS-3) generates its operating frequency (Is) 0.3 to 612
kHz from the difference between two oscillator frequencies (eqn. 6.11), both oscillating
above the operating frequency.
(6.11)
The signal oscillator (f",) is approximately fixed at 650 kHz and can be varied by +/- 4
kHz via a control knob located on the front panel. The other frequency, carrier oscillator
o.» is tuneable between 650.3 and 1262 kHz. The desired operating frequency of the
generator is adjusted by changing the carrier frequency. If the signal generator PS-3 is
used in conjunction with the selective level meter SPM-3, then the variable carrier
oscillator in the PS-3 can be replaced by the carrier oscillator in the selective level meter
via an additional external-control wires between the two units.
This mechanism creates an opportunity to control the frequency of the generator. Instead
of substituting the carrier oscillator in the generator with the carrier oscillator in the
SPM-3, the carrier oscillator signal is generated with two signal generators. The
discussion to follow will explain the details of the control circuit.
Control circuit
The control system must produce an output signal between the operational regions 650.3
and 1262 kHz of the generator. This control signal will substitute the internal signal fo
(eqn 6.11). The frequency of the control signal can then be varied between two specified
boundaries. Using eqn. 6.11 the boundaries for the control signal can be specified.
A voltage-controlled oscillator (VCO) is used to generate the required control signal.
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Mathematically, a VCO can be described by eqn 6.12 [5].
(6.12)
The output frequency, (JJ, is proportional to the input signal, ev(t). The parameter, Kv'
is known as the VCO constant. The unit ofK v is radians per second per unit of input.
A voltage-controlled frequency (VCF) generator (Model 123) is used and is manufactured
by "Exact Electronics". The only difference between the VCF generator and the VCO
described in eqn. 6.12 is that an offset frequency can be set with Kpre' Eqn. 6.13
demonstrates this:
(6.13)
For the VCF generator Kpre can be adjusted and Kv is constant. Kv can easily be
determined by means of measurements. The maximum and minimum value of signal
e.(t) can accordingly be determined to the specification of the required signal.
An example
The experimental transmitter settings are not fixed and are subjected to change
according to the transmission line configuration. In order illustrate this explanation an
example will be discussed showing the settings of the different units used in the
transmitter configuration.
For example: Generate a signal that sweeps between frequencies 400 and 500 kHz in a 15
second period.
With the use of eqn. 6.11 the control signal's frequency (for the PS-3 generator) can be
calculated as 1050 and 1150 kHz. The preset frequency of the VCF generator can be set
to 1028 kHz and the unknown parameter constant, K. (in eqn. 6.13), can then be
empirically determined as 183. From eqn. 6.13 the maximum and minimum values of
e.can be calculated as 0.12 and 0.67V respectively. The specific sweep function (model
121 manufactured by "Exact Electronics") can be set to generate the sinusoidal signal
variation (0.12 to 0.67V) in a period of 15 seconds. Figure 6.6 shows the interaction
between the different components in the transmitter layout described.
To the
additional
hybrid
Signal type. Sinus wave
Frequency: Vary between
400 and 500 kHz in 15 sec
Signal Generator (PS-3) VCF generator Sweep function
( model 123) generator (model 121)
!(pre = 1028
Kv = 183
-- i ! i !~ (Ccrtrol sgnal)
Signal type: Sinus wave
Amplitude: 0-1V
Frequency: Vary between
1050 and 1150 kHz in 15 sec
Signal type: Sinus wave
Amplitude: 0.12 - 0.6N
Frequency: 0.667 ( 15 sec)
Fieure 6.6An example of the transmitter confieuration.
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6.4.3 Receiver
The receiver consists of an impedance matching circuit, spectrum analyser and a
computer. The two issues that must be taken into account before connecting the spectrum
analyser to the PLC system are:
Firstly, the input power of the spectrum analyser is limited to lW (30 dEm). Next to this
sensitive piere of equipment is a carrier that delivers 20W power into the PLC system.
Thus the power levels of the different souroes must be calculated carefully.
Secondly, the characteristic impedance of the spectrum analyser is 50 ohms. If the
spectrum analyser is connected directly to the system with 75-ohm characteristic
impedance, the hybrids will be unbalanced. Consequently, it will influence Eskom's
operational PLC system. This must be used as design specification for an impedance
matching circuit that will match the spectrum analyser to the PLC system.
A short description of the contents that follows in this section is as follows: The power
levels will be calculated. According to the results of the power calculations and above
mentioned design criteria an impedance matching circuit will be designed. Lastly, the
program (in HPVEE) designed to log the data from the spectrum analyser to the
computer will be discussed.
Power levels in the system.
The local (Acacia) and the remote (Koeberg) carrier delivering 20 watt each are the main
sources responsible for high power levels in the PLC - system and must therefore be
considered in order to protect the spectrum analyser. The spectrum analyser is limited to
1W (30 dBm) power input to its port. The induced signals on the specific line due to
neighbouring carriers are small in comparison with the operational carriers on the
transmission line. The two carriers operate at different frequencies and for this reason
the power calculation can be done independently of each other. At Acacia sub-station the
transmission band is specified as 344-348 kHz and the receiving band as 348-352 kHz.
The attenuation of the impedance matching circuit can be designed for acceptable power
levels. Figure 6.7 shows the power levels in the circuit layout mtroduoed by the local
carrier at Acacia sub-station.
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Filffire 6.7 Power levels at Acacia sub-station
The operational carrier transmits 20-watt power (If in Figure 6.7). The phase oombiner
introduces an attenuation of 3 dB (B' in Figure 6.7) and the additional hybrid adds a 23
dB trans-hybrid loss (C' in Figure 6.7). The power level at point C in Figure 6.7 is far
below 30dBm and is therefore not problematic. Figure 6.8 illustrates the power levels
introduced by the remote carrier located at Koeberg power station. This calculation is a
bit more involved because the attenuation of the transmission line must be oonsidered.
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Figure 6.8 Power level due to the remote carrier at Koeberg power station.
The total power coupled to the transmission line is 1.25 dB less than the transmitting
power from the carrier CB' in Figure 6.8) due to the additional hybrid in the lower branch
of the coupling path at Koeberg. The line attenuation for the following coupling scheme
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must be calculated. at Koeberg power station [~ -1 0]and [1 0 0] at Acacia
sub-station. The reason for considering the power only from the outer conductor is
because the power from the oentre conductor (to the spectrum analyser) is attenuated by
two trans-hybrid losses, approximately 46 dB together.
The simulation program is used to calculate the attenuation for 100 ohm meter soil
resistivity and an average conductor height of 16m. 16m is a conservative average height
and for lower values the attenuation will increase. The insertion losses introduoed by the
coupling equipment and line traps are included.
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Figure 6.9 Attenuation for O/sgrt(2).-1.0) coupling at Koeberg and (1.0.0) at
Acacia sub-station.
From Figure 6.9 the attenuation can be identified as 8 dB at 350 kHz. The level at point
D in Figure 6.8 is 30.1 dBm as the additional hybrid introduoes another attenuation of 3
dB. Usually the transmission line introduoes higher attenuation, but due to the short
distance of the Koeberg-Acacia transmission line (31 km) the losses are not so large. It
was decided to build a 10 dB attenuation into the impedanoe matching circuit (75/50) as
it would provide a 9.9 dB (30 - (30.1-10» safety factor. The design of an impedanoe
matching circuit will be discussed next.
Impedanoe matching network
The specifications for the design are the following:
a) Input impedanoe of port 1 must be 50 ohm (to match the spectrum analyser with
the system)
b) Input impedance of port 2 must be 75 ohm (to terminate the additional
symmetrical hybrid correctly)
c) 10 dB attenuation.
Figure 6.10 demonstrates these design criteria.
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<4-- (b) Input impedance of750hm
Port 1
Ca) Input impedance of _____.. I
50 ohm
.....1.- .....1.-
Poet 2
<4--------------------
Cc) 10 dB attenuation
Figure 6.10 Impedance matching network (and 10 dB attenuator) illustrating
the design criteria.
Figure 6.11 shows the proposed circuit layout with x, y and z as the unknown resistors.
y Z
v
Port 1
X Port 2so ohms 75 ohms
Figure 6.11 Circuit layout of the impedance matching circuit.
From the first two-design criteria the following equation can be derived.
50=[(75+Z)X]+ Y
75+z+x
(6.14)
75=[(50+ y)x]+z
50+ y+x
(6.15)
Assuming port 2 is connected to an ideal voltage supply of IV. The power delivered by
the 1 V supply at port 2 is
v2P = _2_ = 0.0133
po112 75 (6.16)
Design criterion c specifies a 10 dB attenuation. Therefore the power at port 1 must be 10
dB less than port l.Eqn, 6.17 incorporates this design criterion
(
p 112 JlOdE = 10 log _l!!!_
Pporti
and substituting eqn. 6.16 in 6.17, Ppo111 can be calculated as 0.01333 and consequentially
V.
V; as 0.25819. The final design equation can be formulated as the ratio of --'-. Solving the
V2
equations simultaneously produced the following results: X = 43.3, Y = 18.1 and
(6.17)
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z = 48.6. High wattage resistors (± 25 Watt) are used with the following combinations:
x=33+10, y=18 and z=39+10.
The matching circuit was tested after it was built. If port 1 is terminated into 50 ohms
then the input resistance of port 2 is 75.5 ohms. On the other hand, terminating port 2
provides an input resistance of 50.1 ohms at port 1. The attenuation of the circuit is
measured to be 9.7 dB.
Hpvee program to log the data from the spectrum analyser
HPVEE is a program that acts as an interface between the HP instrumentation and the
computer [6]. This computer program contains various functions and applications in
order to remotely control the instrument via the computer.
An HPVEE program was designed to log the data from the network analyser to the
computer. Figure 6.12 contains the block diagram of the program. Studying the block
diagram a delay block of 1 second shall be noted. This means that each second data will
be logged. This delay can be adjusted. Each time the program logs data three parameters
are saved on different files. The first parameter is the maximum amplitude in the
specified frequency band (sweep band of the PS-3 generator). The second parameter is the
location (frequency) of the maximum amplitude. Lastly, the third parameter, the time
('Now" in Figure 6.13) of each event is saved.
Figure 6.12 Block diagram of the HPVEE program
Saving the data in this way it ensures that the signal amplitude from the SP-3 generator
is well above the noise level and also above other signals in the sweep band. The data of
the complete frequency band can be saved but that makes the data analysing process
very complicated and produces huge data files.
62
Stellenbosch University http://scholar.sun.ac.za
Photograph 6.1 illustrates the test setup of the HPVEE logging program. The program
and the relevant functions were thoroughly tested and confirmed to be practically viable
and safe before the experiment was installed in the field.
Photograph 6.1 Test setup of the logging program
6.5 Conclusion
A coupling scheme for the experiment is chosen in order to inject a signal on the existing
PLC system. The coupling configuration for the injection is: single phase coupling on the
outer phase (1,0,0). Simulations and calculations indicated that the operational system
would not be influenced in a significant way by the presence of the experiment.
The design of a transmitting and monitoring system is discussed. An SP-3 generator's
frequency is controlled (via a VCF generator and function generators). The spectrum
analyser operates as a logging device and is controlled via the HPVEE program.
This experiment is designed to monitor PLC signal attenuation variation and effects such
as modal cancellation that occurs on transmission lines.
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Chapter 7
Field measurements of the Acacia-
Koeberg PLC system
7.1 Introduction
Measurements indicated that the simulation program delivered trustworthy results. In
this Chapter the last measurements will be shown and discussed (the other
measurements made in the field are shown in appendix B).
In section 7.2 the different measurement events will be discussed. Section 7.3 shows the
results of the PLC signal attenuation for single outer-phase to outer-phase coupling
(1,0,0). This is an important result as it proves that the simulation program (Chapter 3
and 4) produces trustworthy results. The additional loss due to the experiment is
negligible (Chapter 6) as confirmed by the measurement in Section 7.4. The tower effect,
discussed in Chapter 5, is also observable in the measurements (Section 7.4).
The experiment discussed in Chapter 6 was partly activated for two weeks. The receiver
logged the incoming operational signal (generated via the carrier) and not by the signal
generator. Attenuation variation is evident in logged data. This is an important result as
it gives strong indication that there is correlation between sag and the attenuation for
the PLC signals.
After the line traps were fixed, 28 days were monitored using the experimental
configuration. Another simulation program was written in Matlab to estimate the
conductor temperature from measured transmission line conditions. Extremely good
correlation between conductor temperature and PLC signal attenuation is observed
7.2 Log book of the different field measurement events
In order to conduct measurements of this nature there are numerous people involved to
plan contingency measures for ensuring uninterrupted supply to Eskom's clients. Eskom
did all the planning of that nature and provided the skilled staff to assist De Villiers in
the measurements.
Reports were written on the different events including the technical details, observations
and proposals. This section gives a summary of the recorded notes.
7_2_1Installation of the additional symmetrical hybrid on 18 February 2001
• System condition: the 400 kV transmission line was isolated.
• Primary goal: To install the additional hybrids
• Secondary goal: To measure the PLC-signal attenuation for various coupling
configurations
• Observations:
o Two damaged surge arresters located in the LMEs at Acacia sub-station.
o Bad overall correlation between theory and measurement.
o An attenuation peak located at 200 kHz that was unexplained.
o Bad return loss measurements (it was suspected that the old phase combiners might
be contributing to the problem)
• Proposals and planned actions (due to the measured results):
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o Replare the blown surge arresters
o Replare the old phase oombiners (symmetrical hybrids)
o Plan a date to install the monitoring part of the experiment and to do limited
measurements under live oonditions.
7.2.2 Measurements while the system was operational (installation of the
logging device) on 19March 2001
• Changes to the system:
o New surge arresters installed at Acacia sub-station.
o Outer phase LME changed at Acacia sub-station (Installed on the day of measuring).
o New phase combiners installed at Acacia sub-station and Koeberg power station.
• System oondition: The 400 kV transmission line and the PLC system were operative
during the experiment. We did measurements on the one phase while the PLC was
operating through the other phase and other way around. A "risk of trip" status was
organized at National Control in Simmerpan for the experiments.
• Primary goal: To install the seoond phase of the experiment (The transmitting and
logging devices)
• Seoondary goal: To measure the PLC signal attenuation.
• Observations
o While installing the LME on the outer phase at Acacia sub-station a bad oonnection
was found on the PLC system (and temporarily fixed).
o Bad overall oorrelation between theory and measurement.
o The peak at 200 kHz was still present.
o The noise level was too high to observe transmitted signal with the spectrum
analyzer and the logging system was not activated.
• Proposals and planned future actions:
o That the line traps could be faulty.
o Have to get an appropriate amplifier for the signal transmitter at Koeberg power
station.
Photo.uaph 7.1 Monitorine svstem (mainlv computer and spectrum analyser) at
Acacia sub-station
7.2.3 Logging of the signal generated by the operational carrier started on 11
May 2001
• No changes on the PLC system.
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• Primary goal: To start logging the attenuation of the Koeberg carrier that transmits
to Acacia
• Observations:
o That the line traps may be faulty because adjacent carrier signals were observed.
o From the logged data (two weeks later) signal "jumps" and variations were noted
(this is shown in Figure 7.3 and explained)
• Proposals and planned future actions:
o Check the tuning unit in the line traps (the transmission line must be isolated and
earthed for this operation)
7.2.4Measurement and installation of the tuning units (part of the line trap) on
23 June 2001
• Primary goal: To measure and install the tuning units.
• Secondary goal: To measure the attenuation for various coupling configurations.
• Observations:
o Three of the four tuning units were faulty.
o Theory and measurements correlate well for the outer phase (1,0,0) coupling scheme.
(No peak at 200 kHz observed)
o A peak present for the standard coupling configuration. The theory and the
measurements do not correlate (the peak at 200 kHz is still present).
• Proposals and planned actions due to measurements:
o Far less attenuation is predicted for the standard coupling configuration. Due to the
fact that the outer phase attenuation does not contain the unwanted peak (200 kHz)
and that the theory correlates well with the measurements indicates that the center
phase may still have a fault.
o In the future the renter phase coupling component must be inspected.
Photograph 7.2 Eskom team working on the line trap in order to do the tests on
the tuning unit (The tuning unit ofthis particular line trap was faulty)
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7.3 Outer phase coupling (1,0,0)
After the Koeberg-Acacia PLC-system was changed according to Section 7.2 the PLC
signal attenuation of a single outer phase (1,0,0) coupling scheme is shown in Figure 7.1.
This result proves that the developed simulation program developed delivers trustworthy
results. In the coupling band, 100 - 500 kHz, close correlations between theory and the
measurement is evident. Some deviation can be seen, above 500 kHz, due to the stray
capacitance of the Line Trap that is not included in the model (suggested by Mr Dave
Smith from Eskom).
The simulation was done for an average phase conductor height of 11m above the ground
plane and 100 ohm-meter soil resistivity. The rest of the transmission line and PLC-
system parameters are used as defined and explained in Chapter 2.
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Figure 7.1 Measurement and theory for single phase coupling on the outer
phase attenuation(1,O,O>_
Before the line traps were replaced both the standard (1,-1,0) and experimental coupling
(1,0,0) configuration contained an undefined attenuation peak at 200 kHz. In Appendix
B, the attenuation peak can be seen in numerous measurements. Figure 7.1 does not
show such a prominent peak and the theory correlates well with the measurements. The
standard coupling configuration (1,-1,0) measurements still shows (Appendix B, Figure
A.lO) an attenuation peak at 200 kHz that is undefined after the installation of the new
tuning units (part of the line traps). This measurement does not correlate with the theory
(Chapter 4) but the presence of the attenuation peak indicates that there is probably still
a faulty component in the center phase coupling mechanism. Due to lack of time there
will not be an immediate investigation into this hypothesis of potential faulty equipment
on the center phase. The experimental coupling (1,0,0) prediction correlates with the
measurements, the goal of this research.
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7.4 Additional loss
The additional losses introduoed by the experiment are calculated in Chapter 6. The
theory and measurements are shown in Figure 7.2. The measurement graph in Figure 7.2
is the differenoe between the graphs in Figure A.IO and A.1I (Appendix B).
From Figure 7.2 it is observed that the theory predicted less attenuation compared to the
field measurements. This suggests that each symmetrical hybrid is introducing more
than 1.25 dB attenuation to the system. The condition for 1.25 dB attenuation is that the
hybrid must be precisely terminated in 75 ohms at all its ports. It can therefore be
concluded that the hybrid may not be precisely terminated in 75 ohms. Another
explanation may be the fact that the standard coupling configuration measurement
implies the presence of a potential fault in oenter phase coupling equipment.
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The trend line of the measurement and the trend of the predictions indicate degrees of
attenuation as the frequency increases. Usually the attenuation increases as frequency
increases but this trend supports the discussion in Section 6.3.2 that the experimental
coupling introduoes less loss than the standard coupling configuration if equal amounts of
power are coupled.
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Figure 7.2Measurement and theory for the additional loss due to the
experiment
The resonanoe effect due to discretely bonded earth wires, explained in Chapter 5, is
present in the measured results graph ('1' in Figure 7.2). The sub-module of the
simulation program described in Chapter 5 was included in the simulation (2' and '3' in
Figure 7.2). The average distanoe between towers is 336.7m and 350m is the tower
spacing that occurs most frequently according to the histogram (Figure 2.5 in Chapter 2).
Point 2 in Figure 7.2 indicates the resonanoe effect for an average tower spacing of
336.6m and point 3 the tower spacing for 350m.
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7.5 Results of the experiment and future research
The attenuation variation of the operational PLC carrier was monitored. Data from the
first two weeks of logging are shown in this thesis.
The signal generator at Koeberg power station, described in Chapter 6, was not switched
on due to the fact that Eskom and the author speculated that the LT's were faulty. With
faulty LT's the extra signal generated could couple strongly on neighbouring PLC
systems. The chance was not taken and the generator was only activated after the new
tuning units in the LT were installed. Therefore the signal monitored is coupled via the
standard Eskom's coupling configuration (1,-1,0) and retrieved via outer phase (1,0,0)
coupling configuration. Simulations, shown in Figure 7.3, for this coupling configuration
indicates less sensitivity for variation in average phase conductor height variation than
the design-coupling configuration.
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Fi&mre 7.3 Attenuation for 0,-1,0) to 0,0,0) coupling 000 ohm-meter soil
resistivity)
The monitoring system as described in Chapter 6 is used to monitor the signal variation.
Figure 7.4 demonstrates the attenuation (30 second data) of the operational carrier (348 -
352 kHz).
After the LTwas fixed the generator was switched on, data are shown in Sub-section 7.6
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7.5.1 Effects due to the faulty line traps
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Figure 7.4Attenuation variation of the operational carrier (30 sec data)
The first prominent effect in Figure 7.4 is the step changes in the attenuation. The times
that those changes occurred were (as numbers in Figure 7.4): 1 - 2001105/12 0:17, 2 -
2001105/12 8:25, 3 - 200/05/12 19:58, 4 - 2001105/19 8:25, 5 - 2001105/19 16:46 and 6 -
2001105/208:46.
The steps occurred on Saturdays and Sundays. Eskom usually does station switching on
weekends due to the fewer loads. Data of the switching done at Koeberg power station
and Acacia sub-stations were extracted (from the main network). A comparison between
data and attenuation steps indicated some correlation. Links (like a manual switch) are
not monitored by Eskom's network therefore there is not a 100% correlation.
The impedance of the sub-station influences the attenuation of the PLC received signal. IT
the impedance of the station is very small then it will be difficult to transmit a signal to
the remote station because most of the coupled power will be dissipated in the local
station. The Line Trap has the function of providing higher impedance than the
transmission line with the aim of realizing transmission to the remote station (Chapter
2). This impedance should be independent of the switching configuration of the station.
It can be conjectured that faulty Tuning Units in Line Traps are responsible for the
prominent attenuation steps. At the time of monitoring the data, the Line Traps were
still untested and only after the tests it was learnt that 3 of the 4 Line Traps were faulty.
The effects introduced due to the faulty Line Traps are now known and the data analysis
can be continued, as there are many interesting effects embedded in Figure 7.4.
7.5.2 Effects due to the weather conditions on the PLC attenuation
Weather conditions were monitored by three weather stations (Koeberg, Roodekuil and
Milnerton). Two weather stations, Koeberg and Milnerton, are closely located at the ends
of the transmission line. Roodekuil is approximately in the center of the transmission
line. The averages of the data of the three weather stations are used in the comparisons
that follow. The data is quite reliable although 'spikes' like the temperature on the
18/05/2001 do occur. The data can be checked and the 'spikes' can be filtered out but the
data displayed in this document is in the "raw" format (i.e. unchanged format).
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Figure 7.5 PLC signal attenuation and the ambient temperature.
For the first week the average temperature was considerably higher than that of the
second week. The attenuation for the first week, ignoring the steps due to the Line Trap,
shows an approximately 0.5 dB cyclical variation. For the second week, the variation is
not as observable as the first week possibly due to the ron sider ably lower ambient
temperature variations.
Simulations (See Chapter 4) indicated that the attenuation of the PLC signal is a
function of the average height of the phase conductors. The sag of a transmission line is a
function of the conductor temperature [1]. The conductor temperature will change in
tandem with the ambient temperature, and therefore a variation in sag will occur. It can
be observed that the attenuation variation lags behind the ambient temperature in
Figure 7.5. The reason for the lag, is due to the temperature time constant of the
transmission line, in other words the transmission line takes time to react to the change
in the ambient temperature.
The result is essential for the future of this research as it suggests that there is a
measurable attenuation variation due to the changes in the phase conductor sag. The
next step in the research will be to correlate the sag with the attenuation variation in
order to develop an ampacity rontrol system.
The wind speed
Figure 7.6 shows an interesting and unexpected result when the attenuation and wind
speed are plotted on the same axis. The amplitude of the high frequency variation in the
attenuation is greater for high wind speeds, clearly seen in Figure 7.6 for the 18/05/2001
and 25/05/2001.
As the wind blows over a transmission line a resonance effect occurs between two dead-
end towers. Eskom usually installs dampers on the transmission lines to limit this effect.
But the effect is clearly observable in the attenuation, as Figure 7.6 shows and is an
indication of how sensitive the attenuation is to random variation in the sag.
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This occurrence may be less on longer transmission lines. The Koeberg-Acacia
transmission line is relatively short (31 km) and is located near the coastline (Chapter 2)
and therefore ideal for the measurement of the influence of wind on the PLC - signal
attenuation.
This correlation between wind speed and attenuation variation can be examined in more
detail in future research. Information about the average wind speed, as experienced by
the whole transmission line, is important for ampacity calculations.
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Figure 7.6 PLC signal attenuation and the wind speed
7.5.3Effects due to the current per conductor on the PLC attenuation
The current did not noticeably influence the attenuation of the PLC-transmission line.
This suggests that the current per conductor was not enough to heat the conductors up. If
the phase conductor experienced high currents the conductor will heat up and will
consequently sag.
Figure 7.7 shows the current per phase and the attenuation of the PLC signal.
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Figure 7.7 PLC attenuation and the current per phase conductor.
7.6Measured attenuation after the faulty line traps were
replaced and correlation with conductor temperature
7.6.1 Introduction
The PLC signal attenuation graphs, shown in the previous section, showed the
attenuation of the existing communication signal. At that stage there were three faulty
line traps on the Koeberg-Acacia PLC system. After the faulty line traps were identified
and replaced the experimental generator, which is conFigured to couple a signal on the
outer phase, was activated. The generator was set at a fixed 500 kHz frequency.
7.6.2Motivation for the development of a conductor temperature simulation
program
In the previous section the PLC signal attenuation was plotted with different weather
conditions. Figure 7.5 shows indications of some correlation between the PLC signal
attenuation and the fluctuation in the ambient temperature. It was conjectured that sag
might cause PLC signal attenuation variation due to the fact that ambient temperature
indirectly influences sag. In other words: the ambient temperature contributes to the
conductor temperature, which consequently influences the sag of the transmission line
[2]. There are other parameters, which also add or subtract temperature to the conductor
and the purpose of the simulation program is to include those parameters to estimate the
conductor temperature.
Thus if close correlation between the conductor temperature and the PLC signal
attenuation variation is detected it would be a clear indication that sag is the cause of the
signal attenuation fluctuations.
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7.6.3Theory of the conductor temperature simulation program.
The simulation program incorporates four heat sources and three cooling mechanisms [3],
as experienced by the transmission line phase conductors. Eqn 7.1 demonstrates the
theoretical concept of heat gain and heat loss under thermal equilibrium conditions.
Heat gain = Heat loss
~ + Pm +I:+P; = r; +P, + P.., (6.18)
where
~ = Joule heating
Pm =Magnetic heating
I: = Solar heating
P; = Corona heating
~ = Convection cooling
P, = Radiative cooling
Pw = Evaporative cooling
The different heating and cooling parameters in eqn 7.1 are described in [2]. The
simulation does not include effects that rain may have on the conductor temperature.
The simulation program calculates the steady state temperature of the conductor
according to the measured input parameters.
7.6.4 Input parameters for the simulation program.
The input parameters of the simulation program are the actual measured data. None of
the parameters were estimated. Figure 7.8 demonstrates the different sources and the
time intervals of the collected data.
Due to the difference in the time intervals, the data had to be reworked to a standardized
interval. Due to the fact that the simulation model calculates the steady state conductor
temperature, 15 min time intervals was chosen.
It was also necessary to convert the wind direction according to the direction of the
transmission line. Figure 7.9 shows the direction of the transmission line. The wind
direction data measured at Milnerton weather station (near Acacia sub-station) was not
changed due to the fact that approximately two thirds of the transmission line is in the
North-South direction. The wind direction was compensated for at Koeberg power station
i.e. for the other third of the transmission line not running in the North-South direction.
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Figure 7.8 Flow diagram of the input- output data for the conductor
temperature simulation program
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Figure 7.9Transmission line direction from Koeberg power station and Acacia
sub-station
The ambient temperature, wind speed, solar radiation and current for the period logged
is shown in Figures 7.lO to 7.12. The data in the graphs are the measured information
applied in the simulation program.
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Figure 7.10Air temperatures at Koebere power station and Acacia sub-station
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7.6.5Result of the simulation program
The estimated core conductor temperature produced by the simulation program is shown
in Figure 7.13.
The simulation program calculates the steady stated core temperature of the conductor,
therefore it needs to be noted that the measured parameters at time 'T' was used to
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calculate the conductor temperature at time 'T'. The two-conductor temperature
estimates, at Koeberg and Acacia separately, are approximately in the same region
throughout the time frame shown (Figure 7.13).
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FiflUre 7.13Estimated conductor temperature at Koeberg power station and
Acacia sub-station
Calculating the average temperature of the conductor the following ratio is used as
shown in eqn 7.2.
CT average = (1) CTKoeberg +(j)CTAcac~
where
CT = Conductor Temperature
The reason for this ratio is due to the fact that the wind direction plays a prominent role
2
in the conductor cooling. - of the transmission line is approximately in the north to
3
I
south direction and - is in the south east direction as showed in Figure 2.
3
An extreme peak can be identified on the llth of July. The peak highlights the fact that
this is not a measured conductor temperature but an estimate based on the actual
measurements of the transmission line conditions. The wind speed was very slow on the
llth July, 0.042 mis, and the direction was parallel to the transmission line. The wind did
not cause noticeable cooling of the transmission line. The transmission line direction is
taken as an average north to south form Acacia sub-station. A wind angle of close to 90
degrees is interpreted by the simulation program as representing nil cooling for two
thirds of the transmission line. This approximation is obviously not absolutely correct.
(6.19)
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The amplitude of the simulated peak is unlikely to be the same as that of the actual
amplitude, but the simulation program succeeded in indicating that the transmission line
conductor experienced heat gain. From a totally independent measurement of PLC
attenuation a dip is also identified during the same time (Figure 7.15). Using the
conductor temperature simulation program, the peak in the PLC attenuation band can
now be explained. Heat gain of the conductor causes the conductor to sag (2). The sag in
its turn introduces a change of PLC modal characteristic impedance, which then leads to
attenuation variation. Sub section 7.6.6 continues this discussion on dips occurring in the
PLC attenuation band.
Figure 7.14 demonstrates the average conductor temperature thus combining the two
graphs in Figure 7.13 with the ratio given in eqn 7.2.
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Figure 7.14 Estllnated average core conductortem.perature
7.6.6Correlation between the conductor tem.perature and the PLC signal
attenuation.
Figure 7.15 shows the attenuation fluctuations of the PLC signal (at 500 kHz) coupled via
the experimental coupling configuration.
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Firure 7.15Measured attenuation of an PLC signal at 500 kHz coupled via the
outer phase
Fluctuations of more than 2 dB can be seen in Figure 7.15. From the PLC signal
attenuation, four dips in the data can be identified (marked 1 to 4 in Figure 7_16)_Figure
7_16is a combination of the Figures 7_14and 7_15_
5.10E-f()1 UllE<W
4.&IE-f()1
..
, . , ,
, . . ... ,. , ..
.. -~----:---.} --i·---;- -·i----:----~---~----:----i----~---~----l----!----;---+---i- --! ---:----t--': ---:' --!---~.
: 1 l - Estimated conductor temperature : : : : ' : :
___: ~ __ ; __~PLC siganlanonuation __IJ -ot : . t __I:_~-:_~--J:J r--:---j-- r-j --:. -l.OJE<w~ 4.10E-f()t~
j3&1E-f()1
I310E-f()1
~ 2.BJE-+01
ii
~ 2.10E-f()1
i
il 1.!llE-f()1
lIS
,§.n 1.1OE-t01
600E<W
-1.10E-f()1
-3.OJE<W
-5.00E-tOO !
c
o
!
-7.OJE<W J
-9.0JE<W
1.00E<W -l.3JE-f()l
~ ~ ~
'2 <2 i~ <2 !!!~ !i;i !i;i ~ § ~ ~ s ~ 5i ~ ~ ~ ~ '2 ~ <2~ ~ l§ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ El~ :g :g s :g 1'; 1';
O.te
Firure 7.16 Estimated conductor temperature and the PLC signal attenuation
Three ofthe dips (1,3 and 4 in Figure 7_16)correlate strongly with the temperature peaks
in the measured data. Dip number two is due to the fact that the transmission line was
isolated on the gth July and that resulted in a change in the impedance at the termination
end of the PLC signal path. The power cut explains the sudden change in the
attenuation. From Figure 7_12it is evident that there was a current dip (to zero ampere)
on the gth July. This confirms the isolation of the transmission line on the Sth.
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Using the standard correlation algorithms, as in Microsoft Excel and Matlab, the
correlation of the two sets of data, as shown in Figure 7.16 is equal to -0.7. This negative
correlation value means that the peaks correlate with the dips.
The 14th July is identified as the day with the highest measured air temperature (Figure
7.10). Figure 7.17 shows the average estimated conductor temperature and the measured
attenuation. The correlation for only this specific day's data is equal to -0.96.
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Figure 7.17 Estimated conductor temperature and PLC signal attenuation for
the 14th Juny.
This is an inspiring result, which suggests that the sag (directly influenced by the
conductor temperature) relates strongly to the PLC signal attenuation. The next logical
step is to plot the correlation between attenuation and conductor temperature for each
day (Figure 7.18) to see if the correlation is consistent.
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Figure 7.18The correlation from dav to dav between conductor temperature
and PLC signal attenuation.
From Figure 7.18 it is clear that the 12th, 13th and the 14th of July gave exceptionally good
correlation values between conductor temperature and PLC signal attenuation. It must
be investigated why the correlation was not so good in regions other than the 12th to 14th
of July. After a detailed investigation of the measured information one prominent effect
came to the fore, namely rain.
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Figure 7.19 Correlation (between PLC signal attenuation and conductor
temperature) and rainfall in mm.
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From Figure 7.19 it is evident that the best correlations occurred during periods with no
rain. This result may suggest three possibilities. Firstly that the simulation model that
estimates the conductor temperature is not valid in rain because the cooling effect of the
water is not included in the model, therefore the predicted conductor temperature
becomes unreliable. Secondly that the rain adds a vertical force to the conductor and that
could increase the sag. Thirdly that the soil resistivity may change due to the rain and
that might influence the attenuation characteristics. The following discussion will
consider the third reason.
A typical penetration depth of a PLC signal into the ground is calculated with eqn 7.3.
(6.20)
where
8= Penetration depth inmeter
p = Resistivity in ohm meter
JJ = Permeability in henry/meter
f = Frequency in Hz
The soil resistivity is taken as 100 ohm meter and the frequency as 500 kHz. Using eqn
7.3 the penetration depth is calculated as 7.12m.
Dr M De Wet [4] was involved in the prooess of drilling boreholes at Koeberg power
station. During a discussion between the author, Prof JH Cloete and Dr M De Wet on 26
October 2001 the following information about soil characteristics was gathered. At
Koeberg power station the first 19m of the ground is sand where the borehole was drilled.
The soil type remains approximately the same from Koeberg to Acacia sub-station. The
water from the rain tends to filter quickly through the sand to the water table. Therefore
the level of the water table is very sensitive for the amount rain fallen.
The PLC signal (at 500 kHz) penetrates a typical 7.1 m in the ground. It can be
speculated that most of the soil's characteristics, as experienced by the PLC signal, is
sand for the entire route of the Koeberg-Acacia transmission line. The water filters
quickly through the sand and that, together with the dissolving salts, changes the
electrical characteristics of the soil. It is concluded that the ground resistivity may
change substantially during periods of rain.
Figures 4.6 to 4.8 demonstrate the predicted change in PLC attenuation for different soil
resistivities using the experimental outer phase coupling configuration. Focusing on the
11m average phase-conductor-height graphs in those Figures it is noticed that the
simulated attenuation is 24 dB for 100 ohm-meter, 20.5 dB for 300 ohm-meter and 17.5
dB for 500 ohm-meter soil resistivity. Consequently the effect of varying soil resistivity
would most likely introduce an offset effect to the day night cycle attenuation fluctuations
(in other words it would let the signal drift according to the soil resistivity change). In
order to examine this hypothesis the PLC signal attenuation is filtered by a low pass
filter (using the 'filtfilt' function in Matlab). A second order Butterworth filter is used
1
with a 3 dB cut of frequency of 4.44 x 10-6 (- = 2.604 days). The filtered attenuation
f
and rainfall is shown in Figure 12. The rainfall graph in Figure 7.20 represents
accumulated rain in 5 min intervals where Figure 7.19 showed accumulated rain for each
day.
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Figure 7.20 Rainfall (accumulated rain for 5min intervals) and filtered (second
order butterworth low pass filter with life = 2.6 days) PLC signal attenuation
variation
In Figure 7.20 it is apparent that there is no definite correlation between the rainfall and
mean filtered attenuation variation. However Figure 7.21 demonstrates a more definite
correlation, of -0.72, between the filtered conductor temperature and the filtered PLC
signal attenuation variation. This supports the conjecture that the offset variation of the
PLC signal fluctuations is most likely due to the conductor temperature and not due to
changes in the soil resistivity.
The effect expected from varying soil resistivity is not prominently present in the
measured PLC signal attenuation. The rain did not influence the offset (Figure 7.21) of
the attenuation noticeably thus the rain most probably only introduced a high frequency
noise into the system.
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Figure 7.21 Filtered (second order butterworth low pass filter with I/fe - 2.6
days) PLC signal attenuation and filtered conductor temperature
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A band-pass filter (second order butterworth, l/fl = 2.0833 days and 1If2 = 10 hours) is used to filter
the two data sets in Figure 7.16. The band-pass filter allows only the day-night cycle fluctuations
through. Consequently filtering the high frequency noise out and the offset shown in Figure 7.21. The
filtered data is shown in Figure 7.22. A surprisingly good correlation of -0.85 is evident between the
two sets of data (the conductor temperature was inverted in order to observe the correlation better).
The correlation improves when bigger fluctuations occur in the data.
With this result it can be concluded that there is not only a theoretically predictable
correlation between sag and PLC signal attenuation, but also a strong measured
correlation between PLC signal attenuation and conductor temperature. The conclusion
is inescapable: PLC signal attenuation is a predictor of conductor temperature and sag.
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7.6.7 Conclusion of PLC and conductor temperature analysis
It is became clear that measurable PLC signal attenuation fluctuations are observable on
the PLC system through the use of an outer -phase-to- outer -phase coupling mechanism.
A simulation program was written and tested to estimate conductor temperature from
measured weather and line conditions.
The measured attenuation of the experimental PLC signal was correlated against the
estimated conductor temperature. Good correlation (Figure 7.19) can be observed during
periods of no rain between the PLC attenuation fluctuations and the estimated conductor
temperature.
The first layer of soil is sand for the length of the Koeberg-Acacia transmission line and is
likely to be deeper than 15m throughout the line [3]. Rain water filters quickly through
sand and therefore it can be expected to change the electrical properties of the sand as
experienced by the PLC signal. During the winter month tests, a vast volume of rain had
fallen (approximately 200 mm). This created excellent test conditions to examine if the
PLC signal attenuation is rain sensitive. Due to the non-day-night cycle of rain the
attenuation fluctuation signal was filtered by a low pass filter. The filtered data
correlated with the filtered conductor temperature but not with the rainfall. It can thus
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be postulated that the PLC signal attenuation is not subjected to major offset changes
due to rain.
By using a band pass filter the high frequency noise effect was filtered out. This noise
was mostly likely introduced by rain and wind The low frequency offset was also filtered
out in order to put the emphasis on the day-night fluctuations. Strong correlation (-0.85)
was observed for the whole period after filtering between PLC signal attenuation and
conductor temperature. See Figure 7.22.
7.7 Conclusion
In this Chapter the simulation program (described in Chapter 3) is tested in a practical
field situation. Several tests were done to identify and repair faulty equipment in the
operational PLC system. In Chapter 4 the simulation program is compared with Prof
L.M. Wedepohl's program and in both cases the tests indicate promising results.
The additional loss predictions and measurements are shown. The resonance effect due to
the discretely bonded ground conductors is noticeable in the measurements. The high
attenuation of the standard coupling configuration and the presence of the peak at 200
kHz indicates that there may still be a fault on the centre coupling mechanism on the
Koeberg - Acacia PLC system.
The operational carrier on the PLC system was monitored via a spectrum analyzer. The
measurement shows correlation between ambient temperature and PLC signal
attenuation. Correlation between amplitude of high frequency attenuation variation and
wind speeds is also evident.
After the line traps were fixed data from the experiment was logged for 28 days. A
simulation program was written in order to utilize a correlation analysis between
conductor temperature and PLC signal attenuation variation. After filtering the data
with a band pass filter, thereby putting the emphasis on the day-night fluctuations, an
extremely good correlation of 85% was detected between the conductor temperature and
PLC signal attenuation. From the analysis is can be concluded that rain introduces a
high frequency noise component to the system.
The results may be exploited further in order the develop an PLC ampacity system. The
next step in the research will be to correlate the PLC signal variation directly to sag
variation.
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Chapter 8
Conclusion and recommendations
Specialized skills and knowledge about PLC systems was gained. This research
introduced a new field, i.e. the use of PLC signal attenuation to monitor OHTL sag. It has
contributed substantially to any future studies that will be done in this new direction.
Theoretical knowledge and an in-depth understanding was gained as the PLC simulation
program developed. A simulation program, with the ability to simulate end-to-end
attenuation and including the coupling equipment, was thoroughly tested against Prof
Wedepohl's simulation program. A close correlation between the two simulation
approaches was revealed.
Practical 'hands on' skills were developed as numerous field measurements were
conducted in live and isolated 400 kV transmission line conditions. From the results it is
clear that the theory and the practical measurements correlate closely for the
experimental (1,0,0) coupling configuration. Measurements of the standard coupling (1,-
1,0) configuration reveals an unexplained peak and this led to speculation that there
might still be a fault on the center phase coupling circuitry. The same peak presented
itself in the attenuation measurements of the signals coupled via the outer phase (1,0,0)
before the installation of the new tuning units.
Simulations of PLC signal attenuation (using the De Villiers program) for different types
of ground conductor properties and soil resistivities were done. The simulations indicated
that mode 2 and mode 3 propagations are influenced by the different ground conductor
and soil resistivities. It can also be concluded that mode 1 is not influenced extensively by
the soil resistivity or by the ground conductor properties.
An experiment was developed to monitor PLC signal attenuation over a long period of
time (2 weeks) and was installed at Koeberg power station and Acacia sub-station. The
logged data showed measurable PLC signal attenuation variation. The signal generated
(at Koeberg) by the operational carrier was logged (at Acacia) with the faulty line traps in
the system. The day - night cycle attenuation variation shows indications of correlation
with the ambient temperature changes.
After the three faulty line traps were replaced data from the experiment was logged for
28 days. A simulation program was written in order to utilize a correlation analysis
between conductor temperature and PLC signal attenuation variation. After filtering the
data with a band pass filter, thereby putting the emphasis on the day-night fluctuations,
an extremely good correlation of 85% was observed between the conductor temperature
and PLC signal attenuation. From the analysis it is clear that even higher correlations
was present during periods with extreme conductor temperature fluctuations as the 14th
July (96% correlation).
This result is extremely important, as the core function of the proposed application
emerging from this study, namely ampacity control, is to reliably monitor excessive sag
variations.
This study established that the PLC signal attenuation variations are accurately
measurable at levels of ± 0.1 dB.
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Future research must be conducted to establish the envelope of operational HVTL and
PLC system parameters within which reliable correlation can be expected between PLC
signal attenuation and the sag of the transmission line. Although a very successful
correlation analysis was conducted it must be noted that the conductor temperature is
not the only parameter influencing sag. For an example: a eonstant wind can physically
push the transmission line conductors to the side, consequently influencing the sag.
The next step in the study field is to develop an algorithm to relate PLC attenuation
fluctuation directly with sag. The result of the estimated sag from the PLC signal
attenuations can then be used to predict the ampacity of the transmission line in real
time. A thorough risk analysis must also be done applying different conditions and
configurations to calculate the eonfidenee level of this method. Existing ampacity eontrol
methods may be used in tandem with the proposed method in order to reduce the overall
risks involved in ampacity control.
In conclusion: the real-time knowledge of actual average sag, calculated from the PLC
signal attenuation, can be used in a dynamic ampacity control system. This will have a
dramatically positive influence on the cost effectiveness of energy transmission on HVTL
systems.
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INTRODUCTION AND BACKGROUND
THIS invention relates to overhead electrical power transmission lines and
more particularly to ampacity and sag monitoring and control of such lines.
5 Regulations require that transmission lines be operated safely at all times.
An important safety consideration is the provision of adequate and
mandatory clearance underneath the lines. Hence, one of the most
important limitations on line ampacity is the need to ensure that sagging
does not exceed a maximum design value under all operating conditions.
10
Various methods of line ampacity control are known, ranging from a
conservative approach to more liberal line sag models and clearance
warning methods. The former methods prescribe constant capacity based
on conservative consumptions for parameters such as ambient temperature
15 and wind speed for example, which would allow for conservative and
acceptable safety margins. In the latter methods, the utility suppliers are
adapting line ratings to actual weather conditions, thus controlling power
lines more dynamically.
20 An example of the latter methods, is the temperature-sag model. A line
tension monitoring system comprising tension monitors for each ruling span
is utilized on the line, to determine from tension measurements the sag and
rate of sag change. The main disadvantage of this system is that the
2
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tension monitors required for each ruling span make the system expensive,
time consuming to install and difficult and time consuming to maintain.
OBJECT OF THE INVENTION
5 Accordingly it is an object of the present invention to provide an ampacity
and sag monitoring and control method and system with which the
applicant believes the aforementioned disadvantages may at least be
alleviated.
'<, .
10 SUMMARY OF THE INVENTION
According to the invention there is provided a method of monitoring sag in
a conductor comprising the steps of: establishing a relationship between
propagation effects of a signal on the conductor and sag of the conductor;
monitoring for the propagation effects; and determining resulting sag in the
15 line.
The effects may be modal cancellation of fields associated with the signal
and propagating along the conductor. It has been found that there is a
relationships between a peak modal cancellation frequency and average sag
20 of the conductor.
The method may further include the step of generating and coupling to the
conductor a monitoring signal such that fields associated with the
3
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monitoring signal propagate along the conductor in a plurality of modes,
and determining a peak modal cancellation frequency for the monitoring
signal.
5 The method still further includes the step of utilizing the peak modal
cancellation frequency and said relationship to determine the resulting sag.
c: Also included within the scope of the present invention is a method of
ampacity control for a transmission line, the method comprising the steps
10 of:
15
determining a conservative ampacity rating value;
determining a maximum dynamic ampacity rating value;
intermittently utilizing line sag measurement data based on
propagation effects of a signal on a conductor of the line due to
sagging, to confirm a safe operational rating between the
conservative value and the maximum dynamic value.c
The method may further include the step of generating and coupling to the (
line a monitoring signal such that fields associated with the monitoring
20 signal propagate along the line in a plurality of modes, and determining a
peak modal cancellation frequency for the monitoring signal.
4
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The method may also include the step of generating an early warning signal
if the operational rating approaches the maximum dynamic ampacity rating
value.
5 Also included within the scope of the present invention is a monitoring
system for sag of an overhead power transmission line, the system
comprising:
r:
l
monitoring signal generating means;
means for coupling the monitoring signal to the line;
10 means for detecting a peak modal cancellation frequency of the
signal; and
means for relating the peak modal cancellation to sag of the line
according to a predetermined relationship.
15 The invention also includes within its scope an ampacity monitoring and/or
r: control system for an overhead power transmission line as herein defined
'-
and described.
20
BRIEF DESCRIPTION OF THE ACCOMPANYING DIAGRAMS
The invention will now further be described, by way of examPI~:!with
If ' ,
/,~
reference to the accompanying diagrams wherein: _-
figure 1 is a diagrammatic representation of a power line supported by
a plurality of towers;
5
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figure 2 is a block diagram of a power transmission system including a
data communication system and a monitoring and control
system according to the invention;
figure 3 is a graph of attenuation against frequency for various average
5 conductor distances from ground, indicating a shift in peak
modal cancellation frequency with changing average distance;
and
figure 4 is a diagram illustrating an ampacity control method according
to the invention.
10
DESCRIPTION OF A PREFERREDEMBODIMENT OF THE INVENTION
A system for monitoring and controlling ampacity and sag of an overhead
power transmission line 10 shown in figure 1 is generally designated by the
reference numeral 12 in figure 2.
15
c· As shown in figure 1, typically part of the line 10 is supported between first
and second dead-end structures 14.1 and 14.2. It is further supported by
spaced suspension structures 16.1 to 16.3. Sag of the line or a conductor
in the line is defined as a difference 18 in height of the line or conductor on
20 a straight line 20 between adjacent towers, if the towers are at the same
height 22.
6
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In the example of figure 2, the transmission line 10 is shown to extend
between a power source controller 24 and a load 26. The power source
controller 24 is operative to connect anyone or more of power sources
28.1 to 28.n to the load via the transmission line depending on ampacity
5 data received from the ampactiy monitoring system 12 as hereinafter
described.
Also connected to the transmission line 10 is a known and convention
power line carrier (PLC) data communication system 30 utilizing carriers in
10 the 50 kHz - 500 kHz band. The data communication system comprises a
first PLC transceiver 32 and first PLC interface 34 connected to the line 10
at one end thereof and a second PLC transceiver 36 and second PLC
interface 38 connected to the other end thereof. The data communication
system enables bi-directional data communications between the source 24
15 and the load 26 utilizing carrier frequencies coupled to the line such as to
ensure as little as possible modal attenuation. Typical carrier frequencies are
shown at 40 in figure 4.
One basic example of the monitoring system 12 comprises a monitoring
20 signal generator 42 connected between the first PLC transceiver 32 and
PLC interface 34. It further comprises a spectrum analyzer 44 connected
between the second PLC transceiver 38 and interface 36. The spectrum
analyzer 44 is connected to a logging computer 46 and the logging
7
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computer is connected to a control centre 48 which also controls the
monitoring signal generator 42. The control centre is further connected via
data line 50 to power source controller 24.
5 It has been found that there is a relationship between sagging 18 of a
conductor and a peak modal cancellation frequency of a monitoring signal
propagating on the conductor. A typical relation (which will differ from
conductor to conductor) is shown in figure 4. For a conductor 23 meters
above ground, the peak modal cancellation frequency is shown at 44.1. For
10 a conductor 22 meters, 21 meters, 20 meters, 19 meters and 18 meters
above ground, the peak modal cancellation frequencies are shown at 44.2
to 44.6 respectively. The frequency at 44.1 is about 280 kHz and at 44.6
about 160 kHz.
15 The peak modal cancellation may be determined by causing monitoring
C signal generator 42 to generate a tone Stm sweeping between 150kHz and
250 kHz in a first time period of say 0.5hr. It will be noticed that the
frequency of the monitoring signal is remote from the carrier frequencies 40
used for the aforementioned conventional data communications. The tone is
20 coupled to the line 10 so that associated E and H fields propagate along the
line in a plurality of modes.
8
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The fields mutually destruct one another and peak cancellation is obtained
at a frequency which is related to the sag in the line according to a
measurable and determinable relationship.
5 Output signal Sto is fed to spectrum analyzer 44 and data relating to the
time, frequency and amplitude of the signal Sto is periodically (say every 15
seconds) logged by logging computer 46. This data is transmitted to control
centre 48.
1° From the data, the control centre 48 determines and/or tracks the peak
modal cancellation frequency 44.6 to 44.1 and from the aforementioned
relationship computes data relating to the resulting average sag 18 and rate
of sag change for the line, in real time.
15 The transmission line can then be calibrated into sections via measurements
(- on site and limiting or problem sections can be identified. With the
'-
information of the calibrated transmission line and the aforementioned real
time average sag of the whole line, the sag of each span can be computed
with a certain probability of error.
20
The method according to the invention of controlling sag or ampacity of a
transmission line is illustrated in figure 4. A safe, conservative or static
ampacity rating 50, which will hold for all conditions, is determined
9
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according to the known conservative methods referred to in the
introduction of this specification. Furthermore, a maximum dynamic
ampacity rating 52 is also determined.
5 By utilizing the aforementioned data relating to real time sag 18 and rate of
sag change, the line 10 may be operated in a region towards maximum
ampacity rating 52 as shown at 54. A real time warning system based on-
the aforementioned real time sag, rate of sag change and maximum
allowable sag may be used to ensure that the line is operated safely.
10
It will be appreciated that there are many variations in detail on the method
and system according to the invention without departing from the scope
and spirit of this disclosure.
10
Stellenbosch University http://scholar.sun.ac.za
UNIVERSITY OF STELLENBOSCH
~
N LU\C) 0::~ .:::>N l!JN
LL
(
3 SHEETS
SHEET 1
Stellenbosch University http://scholar.sun.ac.za
, \
I ~
28.1 28.2 28.n !
H
P~ IPOWER POWER
~
SOURCE SOURCE SOURCE ~
:tf:l #2 ft3 10 (J)~
~
POWER u
TRANSMISSION LINE
(J)
SOURCE gr-f CONTROL
36 38
32 ----;.;COMMUNICA;ION SYSTEM- - --- ------: 30
PLC PLC 34 PLC PLC DATA ~
TX/RX INTERFACE INTERFACE TX/RX I
I--------------.--- I
---------, AMPACITY MONITORING SYSTEM SPECTRUM .44 I
MONITORING 2 ANALYZER
SIGNAL S IStm GENERATOR to ~ 12
48 LOGGING I
CONTROL COMPUTER I
, CENTRE 46 :
,--- . - __ . J
~~
N~
(J)
FrGURE 2
Stellenbosch University http://scholar.sun.ac.za
UNIVERSITY OF S'I'ELI...ENBC)SCH
(1 ,O,O) Coupling for a transposed line
70
60
III
"Cl 50
c
0
::: 40
ro
:;,
c 30Cl)--« 20
10
00 1
18 m
19 m
20 m
21 m
22 m
23 m
3 SHEETS
SHEET 3
height
2 3
F re que n c y [H z]
Figure 3
c Bigger region for safe~ •..... operations ~ Real time warningsystem to ensure safe
operation. (pLC based)
ILs-O /" t --!
t t
Static ampacity Dynamic ampacity Maximum ampacity
Figure 4
52
t
Stellenbosch University http://scholar.sun.ac.za
Appendix B
Field measurements
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B.1 Installation of the additional symmetrical hybrid on
18 February 2001
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Figure B.1Attenuation ofthe transmission line (standard differential coupling
between centre and outer -phase).
al
"0
<Il
<Il
.2
E
:::>
Gi
Ir
Return loss measurement (Koeberg-Acacia), before the instalation
20 - - - - --,- - - - - r - - - - -1- - - - - T - - - - - r - - - - , - - - - - r - - - - , - - - - - r - - - - -,
I I I I I I I
_____ 1 _,
14
,
I ,
-----I-----r--
, ,
- -,- - - - - T - - - - -,- - - - - ï - - - - - 1- - - - -
I
, I
- - - - - r - - - - -I18
,
_____ 1 1__,
,______ l L J L _
I ,
16
r - N' - : - -: .:- - - - - ~ -: : ~ -:
1 2 - -1- j -oj: ---! - - - - -l- - - - -~- - - - j -----~----j -----~----_!
1 1 1 1 1 1 1 1 1 1
1- , 1 1 1 1 , I 1 I
10 --._- -t - - - - r- - - - - 1:- - - - - -r - - - - - r- - - - - -t - - - - - r- - - - - J - - - - - r- - - - - -:
-¥ 1 I \, /~ 1 I 1 I I I 1
lit 1~ \. t I I I I 1 .,*-
1 1 1 1'- ~\: I I I I _':' I ~-I
8 ",j- --~-----~-----:-----i;- - - - -r:-'- - - - ~ - - - -~:- - - - - ~ - - (~.~~ - - -:
I 1 II\, ,_ 1 I --+---+- 1:¥ I 1
, 1 I '\ ,I 1'1 \ I': 1 1
6 - - - - -; - - - - - ~ - - - - -: - - - - - ~ - \ - - 1-'- - - :\--.:-~ - - - f - :- -'\~, - "ij - - - - ~- - - - -:
1 1 I t ~ *' I -"\ ', 1 l' 1 1'1""*' I 1
1 I 1 I * I 'It"" 1 1 I I
1 I I I 1 I\~:,~....t~ I I I I4 L_ L- ~ ~ ~ ~ ~ ~ ~ _L ~
50 100 150 200 250 300 350 400 500 550450
Frequency kHz
Figure B.2 Return loss for the standard coupling configuration(l.-l.O).
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Figure B.a Attenuation of the standard coupling configuration after the
installation of the symmetrical hybrid.
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Return loss measurement (Koeberg-Acacia), after the installation of the hybrid
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Figure B.4Return loss for the standard coupling configuration with the
additional hybrid installed.
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Figure B.5 Insertion-loss for the (1,0,0,)coupling on the outer phase.
Line insertion loss (Koeberg-Acacia) for [1 0 0], focused
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Figure B.GFocused measurement [180- 200 kHz] of the insertion-loss for the
(1,0,0)coupling on the outer phase.
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Figure B.' Return loss measured at the additional port (of the experiment).
B.2Measurements while the system was operative
(installation of the logging device) on 19March 2001
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Figure B.B Attenuation of an outer phase (1,0,0)coupling configuration
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Figure B.9Attenuation of centre phase coupling (0,1,0)configuration.
B.3Measurements after new line trap tuning units were
installed on 23 June 2001
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Figure B.10Attenuation for the standard coupling configuration (1,-1,0)
without the experiment (line traps earthed at station side)
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Figure B.ll Attenuation for the non standard coupling configuration (112,-1.0)
with the experiment (line traps earthed at station side)
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Figure B.12Attenuation of the outer phase coupling (1,0,0)while the
transmission line is earthed (measured at the additional port for the newly
installed hybrid)
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Figure B.13 Attenuation ofthe outer phase coupling (1,0,0) while the
transmission operative (measured at the outer phase coaxial cable.
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Figure B.14 Attenuation of the outer phase coupling (1,0,0) while the
transmission was operative (measured at the additional port of the newly
installed hybrid).
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